PRE-SET COUNTER-ROTATING STREAMWISE VORTICES IN WAVY CHANNEL by ALEXANDER CHRISTANTHO BUDIMAN
 PRE-SET COUNTER-ROTATING STREAMWISE VORTICES 








ALEXANDER CHRISTANTHO BUDIMAN 









A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF MECHANICAL ENGINEERING 








I hereby declare that this thesis is my original work and it has been written by 
me in its entirety. I have duly acknowledged all the sources of information 
which have been used in the thesis. 
 






Alexander Christantho Budiman 






First and foremost, praise be to the God and Father of our Lord Jesus 
Christ, who has blessed the author in the heavenly realms with every spiritual 
blessing in Christ. His grace and mercy is absolutely essential for the author so 
that this research work can be finished. 
The author would thank the National University of Singapore and the 
ASEAN University Network / Southeast-Asia Engineering Education 
Development Network (AUN/SEED-Net) for the Research Scholarship to 
pursue the Doctoral Degree in Singapore Program in the Department of 
Mechanical Engineering. 
The author would like to express his sincere gratitude to his Supervisors, 
Associate Professor S. H. Winoto and Associate Professor H. T. Low, for their 
precious guidance, inspiration, and encouragements. The author would also 
thank Dr. H. Mitsudharmadi and Dr. Y. Bouremel (both were formerly at 
Temasek Laboratories, National University of Singapore) for their continuous 
support. To all the staff members and fellow graduate students in the Fluid 
Mechanics Laboratory, especially Mr. S. M. Hasheminejad and Mr. T. 
Nadesan, their help and friendship are greatly appreciated.  
This work is dedicated to the author‟s parents for their unceasingly 




TABLE OF CONTENTS 
 
 
ACKNOWLEDGMENTS ............................................................................... i 
TABLE OF CONTENTS .............................................................................. ii 
SUMMARY ..................................................................................................... v 
LIST OF TABLES ....................................................................................... vii 
LIST OF FIGURES .................................................................................... viii 
NOMENCLATURE ..................................................................................... xiv 
 
CHAPTER 1   INTRODUCTION ................................................................. 1 
1.1 Background ........................................................................................... 1 
1.2 Motivation ............................................................................................. 3 
1.3 Objectives and Scopes .......................................................................... 3 
1.4 Organization of Thesis .......................................................................... 4 
 
CHAPTER 2   LITERATURE REVIEW ..................................................... 5 
2.1 Surface Roughness and Wavy Channel ................................................ 5 
2.2 Counter-rotating Streamwise Vortices .................................................. 7 
 
CHAPTER 3   EXPERIMENTAL DETAILS ............................................ 11 
3.1 Experimental Setup ............................................................................. 11 
3.2 Smoke-wire Flow Visualization ......................................................... 14 
3.3 Particle Image Velocimetry (PIV) ...................................................... 15 
3.4 Hot-Wire Anemometry ....................................................................... 17 
3.4.1 Single-wire probe calibration .................................................. 18 
3.4.2 Cross-wire probe calibration ................................................... 19 
Table of Contents 
iii 
 
3.4.3 Measurement of velocity components .................................... 20 
 
CHAPTER 4   FLOW VISUALIZATION OF COUNTER-
ROTATING STREAMWISE VORTICES .................................... 22 
4.1 Naturally Developed Counter-rotating Streamwise Vortices and 
Preliminary Attempts to Pre-set Their Wavelength ............................ 23 
4.2 Modification of Leading Edge ............................................................ 25 
4.3 Streamwise Development of Counter-rotating Streamwise Vortices . 26 
4.4 Effects of Amplitude, Base Angle of the Leading Edge 
Modifications, and Channel Entrance Configurations ........................ 28 
4.5 Concluding Remarks ........................................................................... 31 
 
CHAPTER 5   CHARACTERIZATION OF COUNTER-ROTATING 
STREAMWISE VORTICES BASED ON VELOCITY 
MEASUREMENTS .......................................................................... 34 
5.1 Streamwise Development of Vortices from Particle Image 
Velocimetry (PIV) Measurement ........................................................ 34 
5.2 Streamwise Velocity Profiles from Hot-wire Anemometry (HWA) 
Measurement ....................................................................................... 37 
5.3 Spanwise Velocity Profiles from the Cross-Wire Measurement ........ 47 
5.4 Concluding Remarks ........................................................................... 51 
 
CHAPTER 6   CONCLUSIONS AND RECOMMENDATIONS ............ 53 
6.1 Conclusions ......................................................................................... 53 
6.2 Recommendations ............................................................................... 56 
Table of Contents 
iv 
 
REFERENCES .............................................................................................. 58 






Sinusoidal periodic wavy channel might create flow instability in the form 
of counter-rotating streamwise vortices. These vortices will be amplified and 
travel downstream, resulting in three-dimensional boundary layer in the form 
of mushroom-like structures. Such structures are confined within the boundary 
layer and their evolution could be observed by looking at the spanwise 
variation of the streamwise velocity.  
The wavy channel itself creates variation of stabilizing and destabilizing 
effect which comes from the convex and concave part, respectively. Thus, the 
main objective of this work is to study these counter-rotating streamwise 
vortices and the effects of wavy channel on their downstream development. 
The wavy channel was limited to one-side of the periodic sinusoidal surface 
only. The characterizations of the vortices were done by means of smoke-wire 
flow visualization, Particle Image Velocimetry (PIV) and Hot-Wire 
Anemometry.  
From earlier visualization trials, natural counter-rotating vortices with 
different spanwise wavelength were found at the spanwise plane of the wavy 
channel. Such non-uniformity of vortex wavelength and hence vortex sizes 
causes difficulty and bias in studying their downstream evolution. Hence, a 
method to pre-set the vortex wavelength in the form of triangle cut pattern on 
the leading edge was applied to induce counter-rotating streamwise vortices 
with almost uniform spanwise wavelength. The triangle edges and its tip 
forces the fluid to be driven upward from the surface, creating mushroom stem 
(upwash region) which returns back to form a mushroom hat with maximum 




Smoke-wire flow visualization experiment was continued to study the 
effects of the amplitude of waviness, Reynolds number, and the height (gap) 
of the channel. A flow separation was found in between the two peaks of the 
wavy channel for both amplitudes of 3.75 and 7.5 mm, while the counter-
rotating streamwise vortices were floating above the separation bubble. 
Moreover, counter-rotating vortices in two different entrance channel 
configurations were also visualized. It was found that the vortices remain 
further downstream in the channel with the Valley First configuration. 
 Counter-rotating streamwise vortices were then quantified by means of 
Particle Image Velocimetry (PIV). Furthermore, different quantifications were 
considered in order to study the mixing enhancement, for example by looking 
at the vorticity component and viscous dissipation rate. The characterization of 
the vortices observed from the spanwise plane was conducted by means of 
Hot-Wire Anemometry. The results from this experiment were compared to 
the results from smoke-wire flow visualization. From the Hot-Wire 
Anemometry measurement, the turbulence intensity and iso-shear contours 
were obtained to evaluate the behaviour of the vortices with variations of 
Reynolds numbers and two different amplitudes of the wavy surface. The 
growth of vortex was also evaluated by calculating the difference between 
upwash and downwash velocity at the same spanwise plane. It was found that 
the saturation point of the vortex growth lies at the Reynolds number between 
1600 to 3100.   
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a   amplitude of surface waviness 
A, B  calibration constant 
A
'
, B'  temperature compensated calibration constant 
d   diameter of smoke-wire 
E   voltage output from the CTA system 
E
*
   temperature compensated voltage output from the CTA system 
f(α), g(α) yaw function 
H   channel gap 
k   yaw coefficient 
n   number of data samples within a certain sampling duration 
Re   Reynolds number 
Recr  critical Reynolds number on the instability diagram 
Red   Reynolds number of the thin wire 
S   non-dimensional amplitude of waviness 
Ta   ambient temperature 
Tw   hot-wire temperature 
u   local streamwise velocity component 
𝑢    instantaneous local sampling velocity 
UC  mean streamwise velocity along the spanwise direction at the 
center of the channel for a particular streamwise location 
UC, LE  mean streamwise velocity along the spanwise direction at the 





UD   streamwise velocity at downwash 
Uref  reference streamwise velocity used for the King‟s Law [see Eq. 
(3.1)]. 
UU   streamwise velocity at upwash 
Ve   effective velocity for the cross-wire HWA measurement 
V     magnitude of flow velocity vector 
v   local normal velocity component 
w   local spanwise velocity component 
x, y, z  streamwise, normal, and spanwise coordinates 
Y  normal distance measured from the first peak of the wavy 
surface with VF configuration [see Eq. (5.4)]. 
 
Greek symbols 
 α   wave number of the waviness, yaw angle [see Eq. (3.5)] 
ϵ    viscous dissipation rate of the kinetic energy 
𝜁𝑥𝑧    dissipated kinetic energy per unit mass and time 
𝜅𝑢    growth of disturbance amplitude 
𝜅𝑤    spanwise disturbance variations 
λ   wavelength of wavy surface 
ν   fluid kinematic viscosity  
χ   non-dimensional streamwise distance 
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 Application of surface roughness in fluid mechanics has been known 
for its benefits to the flow behaviour. In turbulence flow aerodynamics, rough 
elements are installed on the airfoil to delay the separation which thus 
improves the lift to drag ratio of the aircraft. In the creep flow regime, mass 
transfer augmentation can be found from the use of membrane blood 
oxygenators with rough surfaces. In laminar heat exchanger, surface 
roughness can be used for mixing and heat transfer enhancement. However in 
both cases, there are additional amount of pressure losses that cannot be 
ignored (Cabal et al., 2002; Mohammadi and Floryan, 2013). 
Well designed surface roughness in plate heat exchangers is able to 
improve mixing without a significant pressure drop as in the case of standard 
vortex generators (Bergles and Webb, 1985; Wu and Tao, 2012); for examples 
of engineering applications, as illustrated in Fig. 1.1, see Chow and Soda 
(1973), Webb (1983), Nishimura et al. (1984, 1990) and Elshafei et al. (2010). 
This mixing enhancement is mainly attributed to the rotational motion, for 
example, which can be found at the valley of the wavy surface (Oviedo-
Tolentino et al. 2008). Mohammed (2015) reported notable mixing and heat 
transfer augmentation using nanofluids in corrugated channel, compared to a 
flat channel. Surface roughness can be represented mathematically using 
Fourier expansions as the sum of sinusoidal functions (Asai and Floryan, 
2006). It is also found that the leading Fourier mode, that is, simple sinusoidal 
wavy surfaces, could represent various rough surfaces with up to 90% of 
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accuracy and thus, this periodic wavy surface might form the most convenient 
reference for further study about surface roughness (Mohammadi and Floryan, 
2013). 
Although the mixing enhancement can be achieved from the downstream 
recirculation between the two peaks of the wavy surface, centrifugal force 
from the concave segment of the wavy surface could also stimulate flow 
instability in the form of counter-rotating streamwise vortices (Floryan, 2003) 
or traveling waves (Floryan and Floryan, 2010). These streamwise vortices are 
very common in the boundary layer flow and also known as one of the natural 
mechanisms of energy dissipation to balance the external forces over the flow. 
The formation of streamwise vortices in wavy channel might have similarities 
with the so-called Görtler vortices on the concave surface laminar boundary 
layer flow (Görtler, 1940). Some other works that involved wall curvatures in 
general have been highly noted as well, such as those by Rayleigh (1920), 
Taylor (1923) for the Taylor-Couette instability in flow between concentric 
cylinders, and Dean (1928) for fully developed flow in curved ducts or pipes. 
Such counter-rotating streamwise vortices at low Reynolds number flows can 
enhance the heat transfer due to transverse convection and bypass transition 
created in the flow without large drag penalty which usually occurred when 
standard vortex generators are used (Floryan, 1991 and Liu, 2008). In 
supersonic and hypersonic flow, the existence of these structures can create 
bypass transition ahead of the engine inlet (Li et al., 2010). In spite of the 
benefits, such counter-rotating vortices might cause some problems, for 
instance, efficiency loss of air cooled rotating blades (Aider et al., 2008). 
Since the appearance of these vortices is highly dependent on the flow 
Chapter 1   Introduction 
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conditions as well as the geometrical shapes and sizes, the characterization of 
the vortices generated is required. 
 
1.2 Motivation 
Following the study of counter-rotating streamwise Görtler vortices in a 
concave surface boundary layer flow (Mitsudharmadi et al., 2004 and Winoto 
et al., 2005), the present work used wavy channel to characterize the 
appearance and development of counter-rotating streamwise Görtler-like 
vortices in a laminar boundary layer flow inside a rectangular channel with 
wavy surface. The selection of wavy surface in the channel flow was due to its 
convex and concave segments which would stabilize and destabilize the main 
flow. It is expected that Görtler-like vortex structures can be found due to the 
concave part of the surface. Although works on laminar flow in a rectangular 
channel are quite common, the experimental study of streamwise vortices 
confined in laminar boundary layer is still relatively limited in literature. 
 
1.3 Objectives and Scopes 
The main objective of this work is to experimentally investigate the 
downstream evolution of the counter-rotating streamwise vortices caused by 
surface waviness. The vortex structures are visualized by means of smoke-
wire flow visualization technique and recorded for various geometrical sizes 
and flow velocities. The minimum wind tunnel speed is 1 m/s, while the 
maximum is determined from the flow visualization where the vortices can 
still be depicted clearly but no more than 5 m/s. The flow-field velocity and 
vorticity will be quantitatively evaluated by using Particle Image Velocimetry 
Chapter 1   Introduction 
4 
 
(PIV) and Hot-Wire Anemometry (HWA). The wavy channel in this work is 
limited to one-sided sinusoidal surface with variations in amplitude and gap of 
the channel. Prior to the wavy channel, an entrance flat surface is attached to 
let the boundary layer being developed over a certain streamwise distance. The 
disturbances are induced by means of at triangular cut pattern at the leading 
edge of the wavy plate of the channel.   
 
1.4 Organization of Thesis 
This thesis is divided into six chapters. Chapter 1 presents the background, 
motivation, objective, and the scope of this work. Some notable earlier reports 
on this research area are reviewed in Chapter 2. The details of the experiment, 
which include the methods and configuration of the equipments, are provided 
in Chapter 3. In the next two chapters, the results and analysis from the 
experimental work, that is, the qualitative flow visualization and quantitative 
flow-field velocity measurements are presented. Chapter 4 covers the 
visualization of counter-rotating vortices at various downstream locations, 
channel geometries, and flow conditions in terms of Reynolds numbers. The 
quantitative characterization of the vortices is presented in forms of flow-field 
velocity contours, iso-shear profiles, and turbulence intensity in Chapter 5. 
The flow vorticity and growth of the induced disturbance are also discussed in 
this chapter, including the discussions about the w-velocity component 
measured by means of cross-wire Hot-Wire probe. Finally, the conclusions 
and recommendations for future works are presented in Chapter 6. 
 5 
 
CHAPTER 2  
LITERATURE REVIEW 
 
Flow in wavy channel has received much attention due to its potential 
application in mixing and heat transfer enhancement, on which the existence 
of counter-rotating streamwise vortices is highlighted as one of the supporting 
factor. However, it is also believed that under certain conditions, these vortices 
in the boundary layer flow might act as an unwanted disturbance which leads 
to a drop in performance. Thus, it is interesting to find out the significant 
factors that affect the existence of this kind of vortices, which later can be 
used to set the wavy channel as passive control of the vortices and other 
possible disturbances. 
 
2.1 Surface Roughness and Wavy Channel 
Studies about the effect of surface roughness on the fluid flow started more 
than a century ago. Some of the initial works are those by Hagen (1854) and 
Darcy (1857). A number of works in turbulent flow explain the presence of 
surface roughness and its relations with pressure drag. In contrast, such 
pressure losses caused by surface roughness are not applied in laminar flow 
regime, as suggested by Moody (1944). However, this idea needs to be 
revisited, as it might not apply for all laminar and creeping flow cases 
(Thomas et al., 2001 and Valdes et al., 2007). This issue is driven by the 
growth of research interest in micro and nano fluids, on which surface 
roughness becomes a dominant factor and thus, its effect towards the 
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generation of drag must be investigated further (Mohammadi and Floryan, 
2012).    
There are unlimited possible configurations of surface roughness that can 
be applied as a flow control device. To study further about the behaviour of 
the flow instability in the form of counter-rotating streamwise vortices, it is 
necessary to use a simple, periodic model of a channel flow which can be used 
later as a reference for more complex shapes and sizes of the corrugated 
surface. A simple sinusoidal surface, which corresponds to a single leading 
Fourier mode, can be used as a good approximation for more complex 
periodic modes (Floryan, 2005). The sinusoidal channel consists of concave 
and convex regions, each of which will have destabilizing and stabilizing 
effects, although both might not have the same degree of transient response 
towards the fluid flow (Hoffmann et al., 1985, Muck et al., 1985, Jotkar et al., 
2016). Curvature of the wavy channel creates the centrifugal force field which 
might leads the main flow to unstable conditions, depending on the channel 
amplitude and wavelengths (Floryan, 2001).  
Clauser and Clauser (1937) reported the laminar flows transition to 
turbulence at different Reynolds numbers between flat, convex, and concave 
surfaces. Since then, many attempts to explain the flow phenomenon subjected 
to mass and heat transfer augmentation have been conducted both analytically 
and experimentally. Experiments using naphtalene submimation technique by 
Goldstein and Sparrow (1977) showed an increase of heat transfer coefficient 
up to three times the average coefficient in the low Reynolds number turbulent 
flow in a smooth channel surface, which was later numerically confirmed by 
Stalio and Piller (2007). Turbulent production due to the separation at the 
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valley is analyzed and reported by Hudson et al. (1996). Oviedo-Tolentino et 
al. (2008) argued that the mixing enhancement could be found when 
separation occurs at the valley of the wavy surface. By using a channel with 
parallel wavy surfaces without any phase differences, the interactions between 
the main flow and the recirculation part would mainly contribute to the mixing 
improvements.  
Saric and Benmalek (1991) reported the linear stability analysis of 
boundary layer flow over sinusoidal surface. Beaudoin et al. (2004) reported 
that the effect of channel amplitude for the flow instability is also strongly 
connected with the channel gap. By determining the ratio between the 
amplitude of the ramp or waviness surface over the channel gap, it is possible 
that the existence of the vortices is conditioned by this number. Later, Floryan 
(2007) provides the neutral stability curves over wavy channel as a function of 
Reynolds number, waviness amplitude, waviness wave number, and vortex 
wave number. The region within the curves indicates the unstable condition, 
where the disturbance growth rate is positive hence all transversal disturbances 
will be amplified.  
 
2.2 Counter-rotating Streamwise Vortices 
The formation of counter-rotating vortices due to the presence of concave 
surface has been reported by various authors, e.g. Swearingen and 
Blackwelder (1987) and Bahri et al. (1999). These vortices were not difficult 
to observe since they appear in laminar boundary layers, have steady structure, 
and considerably large in physical scale. Some reviews of such vortices have 
been reported, such as by Jacobi and Shah (1995) and Aider et al. (2008).  
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Such vortices can also be found in fully developed flow in a channel made 
of two corrugated (wavy) surfaces with narrow channel gap as reported by 
Nishimura et al. (1987, 1990) who found that such vortices mostly occurred 
for 2a/H > 1, where a is the amplitude of the sinusoidal surface and H the 
channel gap. Nishimura et al. (1990) showed that the flow from the lower wall 
arises at a discrete spanwise location and forms a pair of streamwise vortices 
resembling mushroom-like structures similar to Dean vortices for the channel 
flow with amplitude a of 3.5 mm and wavelength of sinusoidal surface  of 28 
mm at Reynolds number Re of 84.5 (where Re = 0.5 UC H/, for which UC is 
the average velocity, H the height of the channel, and   the kinematic 
viscosity of the fluid).  
At Re = 300, the centrifugal instability leads to the formation of counter-
rotating streamwise vortices along the whole sinusoidal wavy channel 
(Gschwind et al., 1995).  Gschwind et al. (1995) also established a diagram 
that proves the existence of a critical or neutral curve in the stability diagram 
for the transition between laminar to turbulent flow. 
Naturally generated and developed counter-rotating streamwise vortices 
usually have non-uniform spanwise wavelengths in the experiments, unless 
great care is taken in the surface finish and careful control is imposed on the 
flow condition, as in the experiment done by Wortmann (1969). The non-
uniformity in vortex wavelength and hence vortex size causes difficulty in 
studying their development. As for the study of Görtler vortices, the 
experimental investigations were often biased due to the selection of the most 
prominent vortex structures.  Consequently, a modification on the channel 
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entrance needs to be carried out to generate vortices with more uniform 
spanwise wavelength.  
Matson (1995) used small holes to induce the streamwise vortices in the jet 
flow over a curved wall. Some other experimental works in this Görtler case 
used a set of thin wires with uniform spanwise spacing. These wires were 
placed before and normal to the leading edge of the concave surface. By using 
these wires, the counter-rotating streamwise vortices with pre-set wavelengths 
can be generated succesfully, as reported by Peerhossaini and Bahri (1998), 
Ajakh et al. (1999), Toe et al. (2002), and Mitsudharmadi et al. (2004) for 
Görtler vortices and Mitsudharmadi et al. (2012) for wavy surface. 
The existence of counter-rotating streamwise vortices inside boundary 
layer caused “downwash” and “upwash” patterns along the spanwise direction. 
The “upwash” refers to low momentum fluid that moves away from the wall, 
as sketched in Fig. 2.1. According to continuity, the fluid will return back 
towards the wall in the high shear region, which is called “downwash” 
(Bakchinov et al., 1995 and Mitsudharmadi et al., 2004).  
The transition from laminar to turbulent flow along a concave surface 
involves the growth of primary instability, followed by the growth of 
secondary instability. The primary instability consists of the formation of 
Görtler-type counter-rotating streamwise vortices (Bahri et al., 1999), while 
the onset of the secondary instability is indicated by the appearance of the 
inflectional velocity profiles in the boundary layer (Mitsudharmadi et al., 
2005a). They found that the growth rate of the secondary instability observed 
was 6.5 times higher than that of the primary instability, which leads to the 
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breakdown of the streamwise structures. Thus, the streamwise vortices do not 
breakdown directly to turbulence.  
In the case of both Couette flow (Floryan, 2001) and Poiseuille flow 
(Floryan, 2007) over a wavy wall, the curvature of the wavy surface forces the 
flow to change direction resulting in the creation of a centrifugal force field 
whose magnitude is dependent on the amplitude and the wavelength of the 
wavy surface.  Its effect differs from destabilizing over the concave to 
stabilizing over the convex part of the wavy surface (Floryan, 2001). When the 
amplitude of the wavy surface in the channel is smaller than the critical value, 
the vortices will not be destabilized regardless of the Reynolds number. 
Similarly, if the amplitude exceeds the well-defined range, the vortices will 
also not be observed (Asai and Floryan, 2006).   
From a linear stability analysis of flow in a channel bounded by wavy 
walls, Cabal et al. (2002) found that the wall waviness gives rise to instability 
that generates streamwise vortices. Asai and Floryan (2006) used one wavy 
wall with dimensionless number S = a/H = 0.02 (which corresponds to a = 
0.03 mm and wave number α = 1.02) for  = 46.2 mm and showed that the 
critical Reynolds number Recr decreases by 30% for the flow in the wavy 






3.1 Experimental Setup 
A plexiglass channel of rectangular cross-section, with a sinusoidal surface 
on one side, was used in this experiment. The wall thickness of the channel 
was 3 mm and its spanwise width was 160 mm. The wavy surface amplitude a 
and wavelength λ were 7.5 mm and 76 mm, respectively. This channel 
consisted of four wavy wavelengths that was connected to a flat surface at 
both ends. This entrance flat plate of the wavy surface was 150 mm long. The 
other flat plate downstream of the wavy plate was 230 mm long. Hence, the 
total channel length was 684 mm. To observe the effect of the amplitude, a 
similar channel but with a =3.75 mm was also prepared. The sketch of the 
channel is presented in Fig. 3.1. This entire channel was covered with smooth 
black film to reduce light reflection throughout the smoke-wire flow 
visualization experiments. The Cartesian coordinates system with left-handed 
orientation rule was used with x, y, and z corresponding to the streamwise, 
normal, and spanwise direction of the channel, respectively. The origin of the 
coordinate system was set at the center of the channel leading edge, with y = 0 
is set at the entrance flat plate connected to the wavy surface. 
There were at least three possible wavy channel geometries that can be 
attached to the entrance flat channel, as shown in Fig 3.2. The first was code 
named “From Origin” (FO), for which the flat plate before the wavy surface 
was placed in the center of this wavy surface. The second was called “Peak 
First” (PF), for which the flat entrance channel was connected to the peak of 
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wavy surface. The third which was called “Valley First” (VF) design was set 
by placing the valley of wavy surface next to the flat entrance channel. In this 
study, only the VF entrance configuration would be mainly used. Unless 
otherwise stated, the FO design is limited only for qualitative comparison by 
means of smoke-wire flow visualization, while the PF entrance design will be 
used in both smoke-wire flow visualization and hot-wire measurements.  
A set of six equilateral triangles with 15 mm base length were cut in the 
mid-span region of the flat plate leading edge to pre-set the spanwise 
wavelength of counter-rotating streamwise vortices. This wavelength was 
chosen based on previous works on Görtler vortices, which gave the most 
amplified wavelength of vortices at free-stream velocity of 2.1 m/s 
(Mitsudharmadi et al., 2004). To observe the effect of this triangular pattern, 
another leading edge cut pattern using isosceles triangles with base angle of 
40
o
 and the same wavelength of 15 mm was prepared as well. 
The channel was placed at approximately 30 mm from the end of the 
contraction of small open-loop wind tunnel with cross-section of 160 mm x 
160 mm and contraction ratio of 9.8 for the flow visualization (Fig. 3.3) and 
Particle Image Velocimetry experiments. It is suggested that a smoke-wire 
visualization or a PIV setup is installed in an open-loop wind tunnel to prevent 
smoke or PIV seeding particles from building up within the tunnel section 
which might reduce the contrast and visibility of the flow pattern that is being 
investigated (Bradshaw, 1970). Another small blow-down wind tunnel with 
cross-section of 150 mm x 600 mm and contraction ratio of 4 was used for the 
velocity measurements using Hot-Wire Anemometry.  
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Table 3.1 Variations of flow velocity, channel gap, amplitude, and Reynolds 
number used in this study. 
 
a (mm) H (mm) S = a/H UC (m/s) Re = UCH/2ν 
     
3.75 30 0.125 1.8 1750 
   
2.2 2100 
   
2.7 2600 
   
2.9 2800 
     
3.75 35 0.107 1.4 1600 
   
1.9 2100 
   
2.4 2700 
   
2.7 3100 
   
3.0 3400 
   
3.3 3700 
   
3.9 4350 
     
3.75 40 0.094 1.8 2350 
   
2.2 2850 
   
2.7 3450 
     
3.75 50 0.075 1.3 2100 
   
1.9 3100 
   
2.7 4350 
     
7.5 50 0.150 2.1 3350 
   
2.4 3850 
   
2.7 4350 
   
3.3 5300 
     
7.5 70 0.107 1.4 3100 
   
1.9 4350 
   
2.1 4700 
     
 
The free-stream turbulent intensity for both wind tunnels was less than 
0.4% for flow velocities up to 5 m/s.  The flow control was achieved by 
installing a honeycomb and five mesh-screens with decreasing mesh sizes in 
the settling chamber upstream of the contraction and test section. The mesh-
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screens have the specification of ASTM E161 No. 35, 40, 50, 60, and 80 with 
the mesh-size of 500, 425, 300, 250, and 180 μm, respectively from the blower 
to the contraction section.  
The flow velocity UC in this experiment was set in the range of 1 to 4 m/s. 
A transparent flat plate surface was mounted into the wind tunnel, parallel to 
the wavy surface to form a channel with a gap H. The variations of flow 
velocity, channel gap, and the respective Reynolds numbers used are presented 
in Table 3.1. 
 
3.2 Smoke-wire Flow Visualization 
There are some factors to be considered to create a good quality smoke 
sheet for flow visualization, such as the size of thin wire, the electrical current 
and voltage used, the selection of smoke-generating oil, and the air flow 
velocity from the wind tunnel. The quality of the smoke itself must be 
consistent with respect to time.  
To generate a thin smoke layer, paraffin oil was dripped along a nickel-
chromium alloy thin wire of 0.193 mm diameter which was electrically 
heated. The paraffin oil reservoir was mounted on the top of the test section 
and connected to a compressor so that the drip rate of the oil can be controlled 
by adjusting the reservoir pressure. To ensure the vertical drip of the oil, a 
hypodermic needle was installed at the outlet of the reservoir, in which the 
smoke-wire was inserted through. On the lower end of the wire, a weight was 
attached to pull the thin wire straight. 
 A direct current (DC) power supply that provided current in the range of 1 
to 1.3 A and voltage ranging from 11 to 18 V was used to heat the oil-coated 
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wire that resulted in a thin layer of smoke. The required DC power depends on 
the air flow velocity: the higher the velocity the higher the power required to 
generate streaks of smoke. The wire Reynolds number Red = UC d/ν was about 
45 for airflow velocity of 3.6 m/s to avoid the formation of von Karman 
vortex-street downstream of the smoke-wire. The minimum Red which 
indicates the onset of the von Karman vortex-street formation is commonly 
between 47 – 80, as stated by Jirka (1999), Sato and Kobayashi (2012), Kundu 
and Cohen (2008), and Williamson (1996).   
A green laser light (of wavelength = 532 nm) and nominal power of 50 
mW was used to create a laser sheet on the cross-section view of the flow. The 
visualizations were carried out by creating a laser sheet at a certain distance 
after the leading edge, the first peak, second peak, and the second valley 
(between the first and second peaks). Top image was taken using LED 
illumination instead of laser sheet to cover wider area of view. A digital 
camera and video recorder, placed at about 50 cm downstream of the exit of 
the wind tunnel, was used to capture the visualizations.  
 
3.3 Particle Image Velocimetry (PIV)  
Flow-field velocity measurements in the streamwise planes (top and side 
view) were carried out by using two velocity components Particle Image 
Velocimetry (PIV). For this experiment, wavy channel with a = 3.75 mm was 
selected. Vegetable oil was used to produce seeding particles. By using a 
DANTEC 10F03 seeding generator, droplets of oil were produced with the 
average size Sauter mean diameter (SMD) 2-5 μm. This size corresponded to 
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less than 3 pixels in the captured images, which was suitable for the cross 
correlation methods.  
Laser beam was generated from dual-head Litron DualPower 200-15 
Nd:YAG laser, operated at approximately 150 mJ per pulse at 532 nm 
wavelength. An optical sheet with approximately 1 mm transparent opening 
was pasted on the test section of the wind tunnel to form a thin laser sheet.  
HiSense 620 camera with Zeiss 50 mm f/2.0 macro lens was used to capture 
the image at 125 x 125 mm field of view in x-y and x-z planes. The resolution 
is about 60 μm per pixel. The channel was covered by rhodamine 6G to 
improve the reflections from the seeding particles. 
Both camera and laser were connected to a personal computer and 
synchronized by the DANTEC software. The acquired frames were subjected 
to 32 x 32 pixels interrogation windows, on which at least three seeding 
particles can be found. To be able to process the data accurately, the interval 
time between two laser flashes was set such that the maximum displacement 
of a particle was less than 25% of the interrogation size. 
Each image acquisition consisted of 500 images for statistical averaging 
purpose. The trigger rate was fixed at 7 Hz. The images were then processed 
by applying the adaptive cross-correlation method using multi-pass processing 
with 50% overlap such that a final interrogation area became 16 x 16 pixels. 
This setup resulted in 255 x 255 points of velocity vector grid, which 
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3.4 Hot-Wire Anemometry  
Flow-field velocity measurements in the spanwise plane were carried out 
using Hot-Wire Anemometry. A 5 μm diameter and 1 mm long tungsten wire 
single hot-wire probe DANTEC 55P15 designed for boundary layer 
measurements and a cross (X) hot-wire probe DANTEC 55P61 were used to 
measure the mean and fluctuating velocity data. Due to its design, the single-
wire probe can be placed as close as 0.1 mm from the wall. On the other hand, 
the measurement using the cross-wire probe was started from at least 3 mm 
from the wall due to the size of the probe holder and the shape of the probe. 
The latter probe was used to obtain both streamwise and spanwise velocity 
components, while the validation of its accuracy was done by comparing its 
streamwise velocity data with the data obtained from the single-wire probe. 
The dimensions of the probe corresponded to a typical commercially 
manufactured hot-wire probe that would produce best performance, according 
to Bruun (1995). The aspect ratio between 200 – 400 would have “adequate” 
uniform temperature distribution along the wire. 
The probe was mounted on a traversing mechanism and connected to a 
Constant Temperature Anemometer (CTA) system that coupled to a signal 
conditioner. The CTA system consisted of 56C01 CTA Main Frame, 56C17 
CTA Bridge, and 56N20 Signal Conditioner. Overheat ratio of 1.76 was 
selected in this experiment. The motors on the traversing mechanism could 
move in the y and z direction with accuracy of ± 0.01 mm. The spanwise step 
size used in this work was 0.1 mm, while the normal step size began with 0.1 
mm at the near wall region and gradually increased to 0.5 mm as the probe 
approached the edge of the boundary layer. Throughout the experiments, the 
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measured data were low-pass filtered at 3 kHz and sampled at 6 kHz for 
duration of 21 seconds. Calibration checks were carried out frequently to 
maintain the measured data were within the acceptable range of less than ± 2% 
drift.  
 The analog signals from the CTA system were transmitted to an Analog to 
Digital data converter system. The system consisted of a high-speed 
multifunction DT3016 board and DT740 screw terminal panel. The board 
itself has an analog I/O resolution of 16 bits with a maximum sampling 
frequency of 250 kHz for a single channel. The system also has a capability to 
transmit a digital signal with maximum D/A throughput of 100 kHz, which 
allows users to control the movement of the traversing mechanism 
automatically from the computer. All the data acquisition process was 
programmed and controlled via Agilent VEE Pro software.  
A Pitot-static tube that connected to a pressure transducer was fixed in the 
free-stream region near the leading edge. A T-type thermocouple, connected to 
Agilent 34970A Data Acquisition / Switch unit equipped with 34901A 20-
Channel Multiplexer was also placed adjacent to the pitot static tube to 
measure the mean ambient temperature. These temperature data were used as 
compensation due to the change in room temperature throughout the 
experiments. 
 
3.4.1 Single-wire probe calibration 
The King‟s Law assumption below was adapted to define the relations 
between the voltage output from the CTA system E and the reference 
streamwise velocity measured at the center of the channel UC : 
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                                                    E2=AUref
0.45+B                                             (3.1) 
where A and B are calibration constants. Due to the fluctuations of ambient 
temperature throughout the experiment, Eq. (3.1) needs to be modified to: 






0.45+B'                                      (3.2) 
where Tw is the hot-wire temperature, Ta is the ambient temperature, A
'
 and B' 
are temperature compensated calibration constants. The hot-wire temperature 
was determined according to the overheat ratio used in the experiment. The 
measured velocity data were plotted against E
*
 and linear regression was 
applied to obtain both calibration constants A
'
 and B'. The calibration process 
would be repeated if the coefficient of determination (R
2
) is lower than 0.9. 
 
3.4.2 Cross-wire probe calibration 
Ve-calibration method was adapted for the cross-wire probe calibration. 
The effective velocity Ve  is defined as: 
                                                    Ve=V  f (α)                                                  (3.3) 
where f (α) is the yaw function and V   is the magnitude of the velocity vector. 
Subsequently, Eq. (3.1) can be expressed as: 
                                                E2=A + B Ve
0.45                                               (3.4) 
There are various formulas that can be used for the yaw function f(α). In the 
present study, the method suggested by Hinze (1959) was selected, that is, 
                                   f(α) = ( cos2 α + k2  sin2 α )
0.5
                                (3.5) 
where k and α are the yaw coefficient and the yaw angle, respectively. In the 
calibration, the cross-wire probe was positioned normal to the free-stream at 
the yaw angles of 45
o
. The yaw coefficient value k is between 0.15 – 0.20 
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(Bruun, 1995) and the constant value k = 0.20 was selected in the present 
works. By substituting Eq. (3.3) into Eq. (3.4), the hot-wire voltage output 
formula becomes 
                                            E2=A + B (α) V 
 0.45
                                       (3.6) 
where  
                                            𝐵 (α) = B [ f (α)]0.45                                         (3.7) 
Similar to Eq. (3.2) for the single wire, the response equations for both 
wires become 









 0.45                           (3.8a) 













' (α) , A2
'
 ,and B2
' (α) are calibration constants with temperature 
compensations for both wires. All these four constants could be acquired from 
the velocity calibration at yaw angle α.  
 
3.4.3 Measurement of velocity components 
A total of 2
16
 samples were taken for every single point of velocity 
measurement. Each velocity components consist of mean and fluctuating 
velocity. For the streamwise velocity measurements using a single wire probe, 
the mean velocity u was obtained through the time-averaging process of the 
data. The turbulent intensity is the root mean square (rms) of the fluctuating 
streamwise velocity component and normalized by the mean streamwise 
velocity, as given by 
                            Tu = 
1
u
   
1
n
  u i-u 2
n
i=1
   , i = 1, 2, …, n                    (3.9) 
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                          where        u = 
1
n
  u i
n
i=1
  , i = 1, 2, …, n                      (3.10) 
Here 𝑢  and n are respectively the instantaneous local sampling velocity 
obtained from the Hot-Wire Anemometry and the total number of velocity 
data samples at a given point within the sampling duration. For the cross-wire 
measurement systems, the streamwise and spanwise velocity components were 
obtained from the following equations  
                                               u = 
Ve1+ Ve2
2  f (α)
                                           (3.11a) 
                                             w = 
Ve2 - Ve1
2  f (α) g(α)
                                       (3.11b) 
The effective velocity components Ve1 and Ve2 were obtained from data 
conversion of the voltage output measured from the Constant Temperature 
Anemometer (CTA) system using the following equations  
                                           𝑉𝑒1  =   
𝐸1






                                (3.12a) 








                                 (3.12b) 
where from Eq. (3.7), 
                                               𝐵1




                                       (3.13a) 
                                               𝐵2




                                       (3.13b) 
where f(α) is already defined in Eq. (3.5) and the yaw function g(α) is given by 
                                   g(α) =  
 1-k2  cos2 α















Observation of fluid flow requires visualization methods to make the flow 
visible. Some flow visualization methods have evolved to enable the 
collection of tangible quantitative data using either improvements of existing 
techniques or totally new techniques resulting from technological 
breakthroughs. Flow visualization by using smoke-wire method is used with 
an assumption that the disturbance caused by the wire installation and the 
introduction of smoke into the air flow on the upstream of the channel would 
not change the behaviour of the main flow and the induced vortices 
significantly. To achieve this, the drip of the oil and the size of the heated thin 
wire are controlled such that the streamlines marked by the smoke must be 
visible to be recorded by a camera and move in a horizontal direction without 
any buoyancy effect or early laminar-to-turbulent transition in the wake of the 
smoke-ejected wire (Merzkirch, 1974). In this study, the size of the wire was 
chosen such that for the chosen flow velocity, there would be no formation of 
von Karman vortex-street which might disturb the main flow. In this chapter, 
smoke-wire flow visualization technique was used to observe various 
parameters related to the downstream development of counter-rotating vortices 
in a laminar boundary layer channel flow.  
 
                                                        
* Part of this chapter have been published in Journal of Visualization (Budiman et al., 2015a) 
and Journal of Applied Fluid Mechanics (Budiman et al., 2016b). 
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4.1 Naturally Developed Counter-rotating Streamwise Vortices and 
Preliminary Attempts to Pre-set Their Wavelength 
The appearance of naturally developed counter-rotating streamwise 
vortices in a rectangular channel at Re = 3350 and corrugation amplitude a = 
7.5 mm is depicted in Fig. 4.1. At least two pairs of vortices can be found in 
the middle of the spanwise plane. However, these naturally-developed 
structures have different spanwise wavelengths. Nevertheless, both structures 
show the stem and head of mushroom-like structures. The stem is related to 
the low momentum fluid that pulled out from the wall and returned back 
toward the wall with maximum shear in the form of mushroom hat, similar to 
the case of concave surface boundary layer (Mitsudharmadi et al., 2004).  
As a preliminary work to pre-set the spanwise wavelength of the vortices, 
the method used by Ajakh et al. (1999), Peerhossaini and Bahri (1998), Toe et 
al. (2002), and Mitsudharmadi et al. (2004) was adopted. In this case, five 
perturbation wires of 0.7 mm diameter were installed normal to the entrance 
flat plate with the spanwise spacing of 15 mm from each other. The spanwise 
wavelength value of 15 mm was adopted from the distance between 
perturbation wires used by Mitsudharmadi et al. (2004) which could induce 
Görtler vortices in a concave surface boundary layer with maximum 
amplification rate at free stream velocity of 3 m/s. 
A commercially available corrugated plate was used for this preliminary 
visualization study using perturbation wires to induce the vortices. The flow 
velocity was gradually increased from 1.3 m/s to 3.6 m/s at constant S = 0.250. 
These conditions correspond to Re from 1250 to 3500, as tabulated in Table 
4.1. The corrugated surface entrance geometry used in this study was a VF 
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type. The perturbation wires would induce the formation of streaks of low 
velocity region behind each wire and high velocity region in the spacing 
between wires. It results in spanwise modulation of the streamwise velocity 
with the wavelength similar to the spanwise spacing between the wires. The 
boundary layer thicknesses at the high velocity regions are thinner than those 
at the low velocity regions. This agrees well with quantitative velocity-field 
measurements using Hot-Wire Anemometry in boundary layer flow over the 
concave surface reported by Mitsudharmadi et al. (2004). 
 
Table 4.1 Fluid velocity and Reynolds number used in the preliminary flow 
visualization study using perturbation wires. 
 
S = a/H UC (m/s) Re = UCH/2ν 
   













   
 
 
The preliminary results at the first peak presented in Fig. 4.2 show that as 
Re increased to 1750, the occurrence of the wavy pattern are evident 
downstream of each perturbation wires. The formation of five peaks along the 
spanwise can be attributed to the evolution of the disturbance within the linear 
region (Mitsudharmadi et al., 2004). This phenomenon suggests the formation 
of one pair of counter-rotating vortices downstream of each perturbation 
wires. The wavy pattern transformed into mushroom-like structures that 
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become prominent in the range of 1750 < Re < 3500. Within this range, the 
formation of the stem and the head of the mushroom are visible, especially at 
the spanwise location aligned with the first and the fifth perturbation wires.  
Downstream of the other three wires, the mushroom-like structures are not 
distinct. This could be due to different amplification rate of disturbances 
induced by the perturbation wires (Mitsudharmadi et al., 2012). The 
occurrence of downwash and upwash regions generates wavy pattern at the 
edge of the boundary layer (Mitsudharmadi et al., 2004). At Re = 3500 the 
appearance of the mushroom-like structures is diffused prior to turbulence 
(Budiman et al., 2015a). 
 
4.2 Modification of Leading Edge 
As described earlier, non-uniform spanwise vortex wavelength will cause 
difficulty and bias in investigating the vortex phenomenon objectively 
(Winoto et al., 2005 and Mitsudharmadi et al., 2012). A modification on the 
leading edge is used to pre-set the vortex wavelength so as to obtain more 
uniform size counter-rotating streamwise vortices. Compared to the 
application of perturbation wires, the modifications on the leading edge 
pattern is relatively more practical. It is also found that such leading edge 
modifications produces more prominent counter-rotating streamwise vortices, 
compared with those using perturbation wires. All the results discussed in the 
following sub-sections were obtained from the modification of the leading 
edge by means of six triangles cut along the spanwise direction. 
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4.3 Streamwise Development of Counter-rotating Streamwise Vortices 
The introduction of corrugated surface to the rectangular channel changes 
the behaviour of the counter-rotating streamwise vortices. Fig. 4.3 shows the 
difference between flows in channel for Re = 4350 with and without 
corrugated surface. The channel entrance configuration used in this figure was 
the Valley First (VF) type. As the disturbance was induced into the flow 
through the triangle cut at the leading edge, the blockage effect due to the 
corrugation helped the vortices to persevere longer downstream. As can be 
seen from Fig. 4.3(a), there were pairs of streaklines that merged into a single 
line and later formed the upwash region of the vortices. In contrast, Fig. 4.3(b) 
shows the formation of the vortices followed by the breakdown prior to 
turbulence at about 30 mm downstream of the leading edge (Hasheminejad et 
al., 2014).  
The image captured from the top of the flat entrance plate before the 
corrugated channel (similar to Fig. 4.3(a), but with Re = 3350) by using an  
LED light, shows clearer “upwash” streaks along the plate, as shown in Fig. 
4.4. The white streaks of the smoke are in line with the end-tip of the triangle 
leading edge. This figure is qualitatively in a good agreement with 
visualization results with higher Re from Swearingen and Blackwelder (1987) 
and Hansen et al. (2016). These straight patterns indicate that there was no 
meandering of the vortices phenomena. In other words, no secondary 
instability formed at that moment (Mitsudharmadi et al., 2005(a)). These 
patterns could also indicate that there is no formation of von Karman vortex 
street downstream of the smoke-wire.  
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To assess the effect of the vortices to the spanwise variation of boundary 
layer thickness, the spanwise streaks of smoke which represent velocity 
contour lines at the first peak of corrugated surface for Re = 3350 are 
presented in Fig. 4.5 which reveals the spanwise variation of boundary layer 
thickness as indicated by a spanwise wavy pattern at the edge of the boundary 
layer. It is estimated that this wavy pattern appears until approximately about 
25% of the channel gap at the first peak. Beyond that point, the velocity 
contour lines are nearly uniform along the spanwise direction. 
For the flow along the wavy wall, Loh and Blackburn (2011) suggested that 
a separation bubble formed at the valley for quite large Reynolds number and 
amplitude of the corrugated surface, that is, S > 0.08. When the flow passed 
the convex surface, a recirculation flow that forms a separation bubble was 
observed inside the first valley. Due to this, the mushroom-like structures on 
the first valley (Fig. 4.6(b)) are floating above this separation bubble. The hat 
of mushroom-like structures are lifted up slightly higher than those presented 
in Fig. 4.6(a) that is indicated by the longer size of “mushroom stems”, 
especially for the vortices around the mid-span of the plate. At the second 
peak, the vortices became “blurred” which could be subjected to the mixing 
enhancement, as shown in Fig. 4.6(c). These results show that the corrugated 
surface, supported by the leading edge modifications to create streamwise 
vortices, enhances mixing in the flow. In addition, this finding is also in 
agreement with the vortices created by sawtooth pattern called „Chevron 
technology‟ in the trailing edge of exhaust nozzles from modern aircraft 
engines (Zaman et al, 2010). 
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The formation of counter-rotating streamwise vortices at the first peak for 
larger Re is presented in Fig. 4.7. As Re increased, the structures became more 
indistinct, which may indicate that more “engulfment” occurs at higher 
Reynolds number. It is believed that the engulfment of fluid in a mixing 
process is caused by vorticity (Baldyga and Bourne, 1984). It could suggest 
that the phenomenon of more engulfment depicted in Fig. 4.7 increases the 
mixing that causes the early breakdown of the structures prior to turbulence. 
The structures shown in Fig. 4.7(c) can suggest that at Re = 3350, a similar 
phenomenon may appear as well in the region between the first valley (Fig. 
4.6(b)) and the second peak (Fig. 4.6(c)). It is also observed during the 
experiment that the “blurred” images of the vortices occurred as the vortices 
are about to collapse. Thus, after comparing the evolution of the vortices at Re 
=3350 and that at Re = 5300, it can be concluded that the onset of transition to 
turbulence occurs earlier as Reynolds number increased. 
 
4.4 Effects of Amplitude, Base Angle of the Leading Edge Modifications, 
and Channel Entrance Configurations 
The use of different amplitude of the wavy surface significantly affects the 
counter-rotating vortices generated. As seen in Fig. 4.8, by using a channel 
with a = 3.75 mm, the vortices at the first peak of waviness had longer 
mushroom stems and smaller mushroom hats, regardless of the variation of the 
Reynolds number. This might be due to less strong curvature of the channel. 
In this case, the induced disturbance and centrifugal force field on the wavy 
surface are stronger than that in a = 7.5 mm to eject the fluid from the wall, 
resulting in the longer mushroom stems. 
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Different leading edge pattern might also produce different magnitude of 
pre-set disturbance. Qualitatively, the shape of the vortices generated in the 
channel would be different, as seen in Fig. 4.9. By comparing the equilateral 
triangle and isosceles triangle with base angle of 40
o
, a notable difference can 
be qualitatively observed. The vortices generated in a channel with base angle 
of 40
o
 tend to be more uniform and smaller in size, as shown in Fig. 4.9(a). 
Due to the limitation of the visualization setup and the small size of the 
structures, the mushroom stems could not be visualized clearly. In contrast, the 
structures in a channel with equilateral triangle leading edge have longer but 
skewed mushroom stems. This might indicate that the induced disturbances 
were stronger and caused the flow to be more unstable and the vortices are 
more vulnerable to breakdown. 
Three different channel entrance configurations were used in this study, 
namely Peak First (PF), From Origin (FO), and Valley First (VF). The 
comparison of pre-set counter-rotating streamwise vortices at the same 
Reynolds number for these three channel entrance configurations can be seen 
in Fig. 4.10. At the first peak of corrugation, the vortices due to the FO type 
are relatively smaller, while for PF entrance configuration, only two vortices 
with very small mushroom hat on the left are visualized clearly. This might be 
due to the stabilizing and destabilizing effect from the convex and concave 
surface, respectively (Floryan, 2001). For VF type, the induced disturbances 
will not be stabilized until they reach the first peak location. In contrast, due to 
the PF entrance type, the induced disturbances will encounter the stabilizing 
effect first, thus the growth rate of the vortices might be reduced, resulting in 
smaller vortex structure. 
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Fig. 4.11 shows the counter-rotating streamwise vortices created from 
From Origin (FO) type leading edge with isosceles triangles and a = 3.75 mm. 
Compared with previous channel with bigger amplitudes, the structures were 
smaller but had longer prominent mushroom stems. This relatively different 
structure might be caused by the difference of the amplitude of corrugation 
used. As they moved further downstream, the stems bent to one side but 
remained distinct up to the first valley. In this case, there is no tendency that 
the structures in the middle are lifted a bit higher than the rest as in Fig. 4.6 (b) 
and (c). In terms of more engulfment as Re increased, Fig. 4.12 presents 
similar results. Fig. 4.12 (c) and (d) show that the stem is more filled into the 
center of the mushroom hat, which indicates higher vorticity occur at that 
region. The From Origin (FO) entrance design will be excluded from further 
discussions in this study. 
The protuberance on a channel with VF design is suspected to delay the 
breakdown of the counter-rotating vortices. Patel and Head (1968), and 
subsequently, Finnicum and Hanratty (1988) discussed the possibility of 
reverse transition from turbulent boundary layer flow to laminar state when 
encountering rapid increase of mean velocity. As such, the vortices diffused 
much earlier on a channel with PF design, as shown in Fig. 4.13 and Fig. 4.14. 
In Fig. 4.13, the vortices were completely disappeared at x = 100 mm, less 
than half downstream distance of the earlier design. It is worth mentioning that 
the Reynolds number was only as low as 2600, more than 20 per cent lower 
compared with the previous visualization with VF design (Fig. 4.6). 
Fig. 4.13 shows the evolution of the horseshoe vortices which is developed 
near the leading edge (Fig. 4.13(a)) into mushroom-like structures (Fig. 
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4.13(b)). As the nonlinearities in the y-z plane increase, the structures become 
more vulnerable to breakdown, as shown in Fig. 4.13(c). At this streamwise 
distance (x = 100 mm), the mushroom hats were no longer visible, while four 
mushroom stems were still slightly distinguishable near the bottom surface. 
Note that no visualizations can be recorded at x < 150 mm for the Valley First 
(VF) design since the size of the vortices are smaller than the the peak-to-
valley normal distance of the wavy surface (2a = 7.5 mm) and the camera was 
fixed at the far downstream of the wind tunnel. It will be shown in the next 
chapter, from the quantitative measurements, that the average height of the 
vortices was less than 7 mm in a channel with a = 3.75 mm. 
Fig. 4.14 shows the counter-rotating vortices at Re = 2350 in channel with 
PF design. Compared with Fig. 4.13, the mushroom stems were slightly longer 
due to lower mean fluid velocity and thus the boundary layer was thicker. At 
lower Re, the counter-rotating vortices could travel farther downstream before 
breakdown. As depicted in Fig. 4.14(c), the mushroom-like structures were 
still clearly visible at x = 100 mm. Therefore it can be concluded that the flow 
in the VF design channel is generally more capable to retain the counter-
rotating vortices from becoming more diffused prior to turbulence. The 
comparison between PF and VF entrance design would be discussed further 
from the quantitative measurement by means of Hot-Wire Anemometry in 
Chapter 5.  
 
4.5 Concluding Remarks 
Visualization of counter-rotating streamwise vortices by means of smoke-
wire flow visualization technique has been successfully conducted. A 
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modification of the leading edge of the channel in the form of triangular 
pattern was applied to pre-set the spanwise wavelength of the structures, in 
order to avoid bias and difficulty in studying the downstream behaviour of the 
counter-rotating streamwise vortices. This method is also proven to be more 
practical in producing relatively more uniform vortices, compared with the 
preliminary results using perturbation wires method (Mitsudharmadi et al. 
(2012)). These images are shown in Re-S plot, as presented in Fig. 4.15 on 
which the global critical stability line reported by Floryan (2007) is also 
plotted as a brief reference so that the flow was set in the unstable region. 
The development of those pre-set vortices was qualitatively evaluated at 
various streamwise locations at different Reynolds number. From the 
visualization of the y-z plane at those locations, it is shown that the presence of 
the counter-rotating streamwise vortices creates a wavy variation of boundary 
layer thickness. After the first peak, a flow separation occurs and the vortices 
are “floating” above the separation bubble. 
It is also found that there is no significant difference caused by the change 
of flat entrance plate configuration (between FO and VF-type), except the use 
of PF-type entrance configuration. The structure was diffused much earlier 
and with lower Reynolds number on the Peak First (PF) design, on which 
there is no large acceleration of the fluid at the end of the entrance flat plate. 
Based on these results, a channel with VF design is able to maintain the 
appearance of the vortices, thus it is relatively more stable than the flow on the 
channel with PF design.  
Another notable difference of the structure of the vortices is caused by the 
change of base angle of the triangle shape, that is, from equilateral to isosceles 
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triangles, and the channel amplitude a itself. The equilateral pattern with 
bigger a creates visually bigger and more prominent structure, which made it 
easier to observe, while generally the mushroom-like vortices in channel with 
smaller a have longer stem but small mushroom hat. In relation to the stability 
line, the effect of Reynolds number to the vortices created by the triangle 
leading edge is not as significant as perturbation wires. 
Overall, the presence of wavy surface in a channel flow contributes on 
preserving the pre-set counter-rotating streamwise vortices farther 




CHARACTERIZATION OF COUNTER-ROTATING STREAMWISE 





The induced disturbance in form of counter-rotating streamwise vortices 
have three-dimensional structures inside the boundary layer that will be 
amplified downstream (Swearingen and Blackwelder, 1987; Mitsudharmadi et 
al., 2004). As shown earlier from the smoke-wire flow visualization results in 
Chapter 4, the characteristics of such vortices, being in a laminar flow and 
steady in the time domain, make it possible to quantify through flow-field 
velocity measurements. The spanwise profiles of the vortices were retrieved 
from the Hot-Wire Anemometry (HWA), while the top and side view of the 
channel were obtained from the velocity measurement using Particle Image 
Velocimetry (PIV). Some parameters such as streamwise velocity, turbulent 
intensity, and isoshear profiles will be analyzed and discussed in this chapter. 
 
5.1 Streamwise Development of Vortices from Particle Image Velocimetry 
(PIV) Measurement 
The change of velocity as the flow moved downstream is shown in Fig. 
5.1(a). The whole channel was divided into nine segments for the PIV 
measurements. The velocity data were normalized by the maximum local 
streamwise velocity value. The PIV results confirmed that very low 
momentum separation bubbles occurred at the valley of the corrugated plate, 
                                                        
† Parts of this chapter have been accepted for publication in ASEAN Engineering Journal Part 
A (Budiman et al., 2015b), Experimental Thermal and Fluid Sciences (Budiman et al., 2016a) 
and submitted for publication in Experimental Thermal and Fluid Sciences (Bouremel et al., 
2016). 
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indicated by the blue region in Fig. 5.1(a) and the streamwise velocity vectors 
map in Fig. 5.1(b). For relatively low mean velocity in this experiment, that is, 
Re = 2350, there were more velocity variations on top of the third peak of the 
wavy surface, compared with the first two peaks. From this information, it can 
be predicted that the breakdown prior to turbulence has occurred somewhere 
close to this third peak for Re = 2350. 
The y-vorticity contours at three different normal locations from PIV 
measurement are presented in Fig. 5.2 to Fig. 5.4. Due to the left-handed 
orientation convention used in this study, the y-vorticity parameter is defined 
as 






                                             (5.1) 
The first location was at y = 2 mm for x = 0 – 125 mm, which is still in the 
entrance flat plate region, and y = 9 mm for x = 125 – 290 mm. Note that y = 9 
mm corresponds to the plane located 2 mm above the peak of the corrugated 
plate in the normal direction. The second and third locations are 2 mm and 5 
mm above the first location, respectively. Between x = 125 – 130 mm, no 
seeding particles could be seen due to local opacity of the channel, thus no 
velocity vectors can be obtained at this particular location. 
In these figures, only 3 out of 4 of the most centered vortices are selected. 
The center of each vortex is exactly in line with the sharp end of the triangle 
leading edge. Before the corrugated section, the vortices moved downstream 
in a straight path, as confirmed by flow visualization results (Fig. 4.4). This 
region can be related to the linear growth of the vortices and the secondary 
instability mode might not significantly affect the main flow yet (Bakchinov et 
al, 1995 and Mitsudharmadi et al., 2004). 
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The downstream evolution of wall normal vorticity as the vortices travel 
downstream is presented in Fig. 5.5. As Re increased, it is found that the 
vorticity level becomes stronger (Fig. 5.5(a)). For instance, at x = 44.8 mm 




, and -294 s
-1
, 
respectively. Similarly, it is found that the absolute maximum vorticity level 







 for Re = 2350, 2850, and 3450, respectively.  
Although the wall-normal vorticity magnitudes were different, its 
downstream development trend was the same regardless of Re. Therefore, 
further discussions about wall-normal vorticity would be limited into a single 
value only, that is, Re = 2350. Fig. 5.6 shows the inflection point at x = 50 mm 
which later disappeared further downstream. The inflection point could 
indicate the onset of non-linear growth of the vortices (Mitsudharmadi et al., 
2004), which is also shown by the decline of the vorticity magnitude 
downstream. The inflection point at the velocity profile will be further 
discussed in the following Section 5.2 which is on the quantitative 
characterizations of the vortices by means of Hot-Wire Anemometry. 
The tendency to decline represents the degree of mixing caused by vortices 
that get weaker downstream. Another parameter that can be used to study the 
mixing is the viscous dissipation rate of the kinetic energy ϵ, which is defined 
as 









                                       (5.2) 
where the subscripts i and j denote the Einstein summation convention. The 
ratio of viscous dissipation rate of kinetic energy over the kinetic energy per 
unit mass at respective x-y and x-z planes is defined as 
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                                       𝜁𝑥𝑦   =    
2 𝜖𝑥𝑦
𝑈𝐶
  2  ;  𝜁𝑥𝑧   =    
2 𝜖𝑥𝑧
𝑈𝐶
  2                            (5.3) 
 
The evolution of  𝜁𝑥𝑦  at z = 7.5 mm and 𝜁𝑥𝑧  at y = 4 mm and Re = 2350 is 
plotted in Fig. 5.7. The higher value of 𝜁𝑥𝑧   means that more mixing is taking 
place in the flow. The decrease of the magnitude of this parameter indicates 
that the mixing becomes less significant downstream. The direction of 
stretching vector has been added into the contour plot in in Fig. 5.7(a) in 
white, with its directions were found at approximately 45
o




5.2 Streamwise Velocity Profiles from Hot-Wire Anemometry (HWA) 
Measurement 
The flow-field velocity data obtained from the hot-wire measurement were 
post-processed by using TECPLOT software. A repeatability test was carried 
out by repeating the experiment twice with a time span of two weeks to find 
out whether the vortex structures formed in the channel remain the same. Fig. 
5.8(a) shows the normalized velocity profile at the first peak, z = 5 mm. There 
is no significant difference between the two data sets, which suggests that the 
structures are steady and remain consistent for that particular operating 
condition.  
A calculation of relative expanded uncertainty for hot-wire measurement 
has been performed according to the formula suggested by Jorgensen (2002). 
The estimated expanded uncertainty is calculated from the accumulation of 
uncertainty from calibrator, linearization, probe positioning, ambient 
temperature variations, and propagation of error due to the change of 
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temperature based on King‟s law. The major uncertainty from the calibration 
process is calculated, resulting in relative standard uncertainty of 0.01. A 
similar value is obtained for the linearization process to determine the 
coefficients used in King‟s law. The maximum drift angle of the probe relative 
to the spanwise plane of the channel is assumed to be 3
o
, which is less 
significant in the calculation of the relative standard uncertainty.  
The effect of temperature change towards the uncertainty could spread 
through the King‟s law formula, which based on the given formula, has 
relative standard uncertainty of 0.05%. By combining each of the uncertainties 
above, the “total” expanded uncertainty for this study is about 3.17%. 
For convenience, a new normal distance parameter Y is used for the y-z 
plane at the first peak and further downstream in a channel with Valley First 
entrance design configuration. Y is defined as 
                                                       𝑌  =  𝑦 + 2𝑎                                           (5.4) 
Various streamwise velocity plots at 2 mm < z < 6 mm are presented in 
Fig. 5.8(b). The local streamwise velocity u value is normalized by the mean 
streamwise velocity along the spanwise direction at the center of the channel 
UC. At z = 2 mm, the velocity profile is somewhat “fuller”, which may 
represent the downwash region. Although the downwash region was initially 
set at z = 0, there is no significant difference between the velocity profiles at z 
= 0, 1, and 2 mm, thus the plot for z = 0 and z = 1 mm were omitted in Fig. 
5.8(b). Within 1.23 mm < Y < 6.47 mm, the value of u/UC is greater than 1. 
The maximum u/UC is 1.03 at Y ≈ 2.09 mm.  At the upwash region, the 
inflection point in the boundary layer velocity profile can be observed. This 
inflection point indicates high shear layer that is formed near the edge of the 
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boundary layer and might be referred to the onset of the nonlinear region, in 
which the growth of the disturbance is smaller than that in the earlier linear 
region (Mitsudharmadi et al., 2004 and de Souza et al., 2004). In the case of 
Görtler vortices, the nonlinear growth region, which is subjected to the 
occurrence of the varicose mode instability, is the location where the spanwise 
wavy shape due to the counter-rotating vortices transforms into “mushroom-
like“ structures (Mitsudharmadi et al., 2004). 
As the Reynolds number Re increases, the flow becomes more unstable. 
The effect of Re towards the streamwise velocity is discernible in its 
normalized contour in Fig. 5.9. For Re = 1600, two prominent wavy structures 
appeared on the spanwise plane of the first peak of the wavy surface. As Re is 
increased to 2100, the boundary layer at the upwash region becomes thicker 
due to upward movement of the low momentum fluid from the near wall 
region, as indicated by “greener” area in the contour. For higher Re, the vortex 
structures are transformed into “mushroom-like” structures but might not be 
uniform anymore, which is due to a different growth rate of the induced 
disturbances amplitude. As shown in Fig. 5.9(c), at Re = 3100, two different 
size of mushroom-like structures are found. Finally at Re = 4350, the 
structures start to collapse prior to turbulence.  
Fig. 5.10 shows the velocity contours for Re = 3100 and S = 0.107 at 
various downstream locations. At x = 40 mm, the wavy variation of boundary 
layer thickness is very prominent, as shown in Fig. 5.10(a). The spanwise 
width of these wavy structures is decreased further downstream over the flat 
entrance plate, as depicted in Fig. 5.10(b). It is clear that the wavy surface 
helps the induced structures to preserve farther downstream, compared with 
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the flat plate case where no distinguished vortex structure can be found after 
approximately x = 30 mm downstream of the leading edge (Hasheminejad et 
al., 2014). As the flow accelerates at the first peak, the wavy structures evolve 
to form mushroom-like structures which could indicate the initiation of the 
varicose mode instability as previously reported by Mitsudharmadi et al. 
(2004). The structures remain unchanged at least until the first valley (Fig. 
5.10(d)). Prior to the breakdown of the structures, the low streamwise velocity 
region near the wall widens. This could be attributed to laminar mixing 
enhancement, which has been visualized as vague structures (Budiman et al., 
2015a). At this condition, the spanwise undulation of the structures occurred, 
as depicted in Fig. 5.10(e). Finally at the second valley, the variation of 
boundary layer thickness is somewhat indistinct, which suggests that the 
mushroom-like structures have broken down prior to turbulence. 
Fig. 5.11 depicts the contours of turbulent intensity and isoshear contours 
of ∂u/∂y and ∂u/∂z at various streamwise locations. At the first peak of the 
wavy surface (Fig. 5.11(a)), the concentration of the turbulent intensity in the 
core of the vortex pair is clearly indicated by the high values region denoted in 
red. This core becomes more diffused as it moves further downstream; 
indicated by its lower values in yellow in Fig. 5.11(b) which is relatively 
larger in size compared to that depicted in Fig. 5.11(a). The highest turbulent 
intensity region is beneath the structure, approximately at Y < 1.5 mm, that is, 
the separation bubble as visualized by Budiman et al. (2015a). At the second 
peak, the reattachment occurred and more chaotic structure is depicted in Fig. 
5.11(c). The turbulent intensity contour suggests that the mushroom-like 
structures were diffused at the second peak. This is later supported by 
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turbulent intensity contours in Fig. 5.11(d) which shows the large momentum 
and low turbulent intensity without any wavy pattern remaining at Y > 2 mm. 
Contours of ∂u/∂y and ∂u/∂z from the first peak to the second valley 
locations that have been normalized with the local ∂u/∂y and ∂u/∂z at the wall 
are also presented in Fig. 5.11. The high magnitude positive shear can be 
found at the top center of the vortices (Fig. 5.11(a)), which is near to the 
boundary layer edge at the upwash region (Tandiono et al., 2008). The 
negative ∂u/∂y can be observed in the middle under the maximum turbulent 
intensity area and it disappears as the flow move further downstream. From 
the ∂u/∂z contours in Fig. 5.11(a), it is found that the maximum magnitude of 
the vortices is somewhere around 1 < Y < 2 mm. These high ∂u/∂z regions, 
which refers to the cores of the vortices, were lifted up to about y = 3 mm as 
the flow passed the first valley (Fig. 5.11(b)). Another yet smaller vortex pair 
can also be found at the bottom of the main vortices with opposite rotational 
directions, as depicted in the ∂u/∂z contour in Fig. 5.11(b) and reported earlier 
by Saric and Benmalek (1991). This might be a result of the suction effect 
from the upwash region of the larger vortices. This particular vortex pair is 
excluded from further discussion as it appears inside the separation bubble 
region (Y < 1.5 mm), while for this particular section, only one-dimensional 
boundary layer probe  (single probe) of the CTA was used to quantify the 
flow. 
At the second peak, the vortices are diffused even more, as shown in Fig. 
5.11(c). From the middle picture, no concentration of high ∂u/∂y shear can be 
found anymore, while from the ∂u/∂z contours, the downstream evolution 
shows that the two cores tend to widen before it collapses. From Fig. 5.11(d), 
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it can be concluded that the vortex structures were almost totally breakdown 
prior to turbulence at the second valley. 
The variation of streamwise velocity at the downwash and upwash region 
can be referred to measure the growth of disturbance amplitude. This 
information will be useful to quantify and understand the development and 
decay of the mushroom-like structures along the streamwise direction. The 
dimensionless amplitude 𝜅𝑢  is defined as 
                                                        κu=
udw − uuw
2UC
                                             (5.5) 
as suggested by Winoto and Crane (1980), where udw and uuw are the 
streamwise velocity at the downwash and upwash regions, respectively. The 
theoretical analysis of this parameter is presented by Finnis and Brown (1989). 
At the first peak of the wavy surface, the value of 𝜅𝑢  increases as Re increases 
from 1600 to 2100, while for higher Re, the 𝜅𝑢  decreases, as depicted in Fig. 
5.12(a). This is also similar to the linear variation of velocity presented by 
Bippes and Görtler (1972). The maximum disturbance amplitudes 𝜅𝑢 ,𝑚𝑎𝑥  are 
0.086, 0.165, 0.111, and 0.071 for Re = 1600, 2100, 3100, and 4350, 
respectively. This 𝜅𝑢  profile suggests that the saturation point of the growth of 
disturbance amplitude lies at the range 1600 < Re < 3100, where the finite 
amplitude of the disturbance has been reached, the mushroom-like structures 
dominate the boundary layer flow, and the main flow transforms into another 
possibly condition in which secondary instability may intensify (Schmid and 
Henningson, 2001). The variation of 𝜅𝑢 ,𝑚𝑎𝑥  might also suggest that maximum 
disturbance growth rate is determined by the base length of the modified 
leading edge. A fixed 15 mm base length on the triangle pattern cut at the 
leading edge might not produce the same degree of disturbance to generate the 
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vortices, although it was sufficient to pre-set the vortices with nearly uniform 
spanwise wavelength. In this case, it seemed that the shape and dimensions of 
the leading edge modifications are unique for every Reynolds numbers.  
For the constant Re and S (Fig. 5.12(b)), it is found that there is a notable 
increase of 𝜅𝑢  as the flow moves to the first peak. At the second peak, more 
inflection point is found, that is, at approximately Y = 0.6 mm. The more 
inflection points seem to trigger the breakdown of vortex structures (Volino 
and Simon, 1997). Fig. 5.12(c) shows that the maximum growth of 
disturbance amplitude 𝜅𝑢 ,𝑚𝑎𝑥  decreases at the flat entrance plate before it 
slightly increases towards the first peak and decreases once more as the flow 
moves further downstream. The latter decrease is associated with the decay of 
the mushroom-like structures prior to breakdown to turbulence. 
Fig. 5.13 shows the difference between Peak First (PF) and Valley First 
(VF) entrance configurations through the plot of normalized streamwise 
velocity u/UC at the first peak. The data was taken from -30 < z < 30 mm. Fig. 
5.13(a) shows the velocity profile for the cosine entrance configuration. 
Although there was a variation of streamwise velocity magnitude, the 
minimum velocity from the same y value was no longer at the upwash region. 
Without the “blockage effect” from the wavy surface as in the Valley First 
entrance design, Fig. 5.13(a) suggests that the structures were already diffused, 
similar to the flat plate case reported by Hasheminejad et al. (2014). In 
contrast, it is shown in Fig. 5.13(b) that the low momentum fluid was located 
at the upwash region (for example, z = –8 and 6 mm). In general, the upwash 
region tends to be narrow and sharp, while the downwash region occupies 
wider spanwise range (Aihara and Koyama, 1981). The maximum u/UC is 1.12 
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and 1.45 for the Peak First (PF) and Valley First (VF) entrance configuration, 
respectively.  
 The contours of the normalized streamwise velocity u/UC for a channel 
gap H = 50 mm at various Reynolds numbers are shown in Fig. 5.14 in order 
to look at the effect of the channel gap H on the counter-rotating streamwise 
vortex structures. By changing the normal gap H from 35 mm to 50 mm and 
comparing to Fig. 5.9 at the same Reynolds number, it is found that as S 
decreases, the structure size gets relatively larger. This is indicated by the iso-
contour line of 0.95 at the center of the vortices, which is approximately at Y = 
6 mm for Re = 2100 and S = 0.075 (Fig. 5.14(a)), while in Fig. 5.9(b), the 
average height of the structure is not more than 5 mm. However, the average 
ratio between the boundary layer thicknesses at the upwash region over the 
channel gap almost remains constant, that is, about 12 to 14% of the channel 
gap. It is also interesting to notice the appearance of smaller wavy patterns in 
between the counter-rotating vortices in Fig. 5.14(c). These wavy patterns 
might indicate the splitting of the vortices which occurred naturally at certain 
flow conditions, similarly with the case of Görtler vortices which has been 
reported by Mitsudharmadi et al. (2005b). Compared with Fig. 5.9(d), with the 
same Re = 4350, the vortex structures were still relatively more apparent. This 
indicates that as S is decreased to 0.075, the flow generally becomes more 
stable. 
Fig. 5.15 shows the turbulent intensity at Re = 3100 and S = 0.075. The 
pattern of turbulent intensity is very similar to the previous one obtained at the 
same Reynolds for a larger S = 0.107 obtained in Fig. 5.11(a). However the 
magnitude at the core is about 1.5 times greater. From the isoshear ∂u/∂z 
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contour in Fig. 5.15, it can be seen that there are two strong negative shear 
areas, indicated by the dark blue regions. This suggests that basically there are 
two pairs of high ∂u/∂z shear in every counter-rotating vortex structure. One 
pair near the wall is responsible for the formation of the stem of the 
mushroom-like structures, while the other pair belongs to the formation of the 
mushroom head. However, it is not clearly depicted in the positive region in 
Fig. 5.15 and in Fig. 5.11(a), because to show these regions, the measurements 
need to be done in very fine spatial resolutions. When the structures collapse 
prior to turbulence, the pair at the mushroom head will disappear earlier than 
the other pair, similar to that shown in Fig. 5.11(d).  
It is found that by keeping the other parameters constant, the change of 
amplitude of the wavy surface affects the formation of the counter-rotating 
streamwise vortices. By doubling the amplitude of the wavy surface and the 
channel gap, the curvature on the wavy channel becomes steeper. From Fig. 
5.16 and Fig. 5.17, it can be seen that the mushroom “stems” become shorter 
but the “hats” are much wider. In this case, the induced disturbance and 
centrifugal force field on the wavy surface are less strong to eject the low 
momentum fluid from the wall. The effects of Reynolds number can be seen in 
the velocity contour, where the variation between low and high velocity 
regions became more indistinct as the Reynolds number increases. It is also 
depicted clearly from the turbulence intensity contour in Fig. 5.17 where for 
Re = 4700, the highest fluctuations of the streamwise velocity component is no 
longer only at the edge of the mushroom hat, but it can be found almost in the 
entire vortex structures. This phenomenon will lead to the breakdown of the 
counter-rotating vortices prior to turbulence of the main flow.  
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From Fig. 5.16 it is also interesting to note that the maximum velocity is 
not at the center of the channel, but at the downwash region, something that is 
hardly noticeable from Fig. 5.9 and Fig. 5.10. By normalizing the streamwise 
velocity u with the central velocity UC, it is found that the fluid at the 
downwash of this larger wavy surface amplitude was flowing more rapidly by 
almost a factor of 1.2. 
Contours of ∂u/∂y and ∂u/∂z at the first peak for a = 7.5 mm are presented 
in Fig. 5.18 and Fig. 5.19, respectively. The effects of Re can be seen clearly 
from the positive ∂u/∂y at the mushroom hat regions. For Re = 3100, the line 
contours resemble a chevron (inverted V-letter) shape, while for higher Re, 
those lines become more elliptical and the negative ∂u/∂y become less 
apparent. This result reflects the mixing enhancement as it is consistent with 
the decay of the counter-rotating vortex structures (Mitsudharmadi et al., 
2006).  
From iso-contour ∂u/∂z, it can be observed that as Re increases, the gap 
between negative and positive ∂u/∂z core increases as well. This could be 
associated to the breakdown of the vortex structures that occur earlier for 
higher Reynolds number. Unlike the channel with smaller amplitude of wavy 
surface, it is found that the pair of ∂u/∂z near the wall in channel with a = 7.5 
mm was smaller but stronger than the other pair on top of it. A larger spanwise 
wavelength of the mushroom hat of the vortices is reflected by wider ∂u/∂z. 
For a case of Re = 3100 (Fig. 5.19(a)), the third pair of ∂u/∂z but with the 
opposite sign and maximum normalized magnitude of 0.15 is found at the 
middle of the vortex structures. This additional ∂u/∂z concentration was 
unseen at higher Re, which probably due to more local mixing that occurs at 
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that particular streamwise location, whereas at a = 3.75 mm, this core might 
not be captured due to the limited spatial resolution of the measurements 
relative to the smaller size of the vortices themselves.   
The disturbance growth amplitude 𝜅𝑢  for a = 7.5 mm is presented in Fig. 
5.20. For Re = 3100, the maximum value 𝜅𝑢 ,𝑚𝑎𝑥   = 0.188 is found near the 
wall, while for the other two Reynolds numbers, the 𝜅𝑢 ,𝑚𝑎𝑥  can be found at Y 
= 0.5 mm. Similar to the channel with half of the waviness amplitude, the 
value of 𝜅𝑢 ,𝑚𝑎𝑥  is lower at Re greater than 3100. 
 
5.3 Spanwise Velocity Profiles from the Cross-wire Measurement 
Although its magnitude is much lower than the streamwise velocity 
component u, the spanwise velocity component w would play a significant role 
in the process of the vortex breakdown, that is, in the formation of secondary 
instability in the flow. The measurements of w were carried out using a cross 
hot-wire probe. The data validation was performed by comparing the 
streamwise velocity component from the cross-wire probe with the single-wire 
boundary layer probe, as presented in  
Fig. 5.21. The average difference is less 2% and there is only one datum 
that has an error of more than 5%. Therefore, the overall data from the cross-
wire probe were acceptable. Due to the shape of the cross-wire probe and a 
considerably larger size of its probe holder, the measurements could only be 
carried out from a normal distance of 3 mm from the wall (Y = 3 mm at the 
peak locations or y = 3 mm at the other locations).  
Fig. 5.22  to Fig. 5.24 show the variations of w at three streamwise 
distances, that is, at x = 40 mm and 70 mm from the leading edge, and at the 
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first peak of the wavy surface for Re = 3100. The w values were normalized 
with the streamwise velocity at the leading edge UC, LE instead of the mean 
streamwise velocity at the particular streamwise location UC. The magnitude 
of the spanwise component in this study is notably larger than the w-
component in the concave surface boundary layer with similar inlet velocity 
(Tandiono et al., 2013), but still in lower order than the streamwise velocity 
component. At x = 40 mm and 70 mm, the highest magnitude is -0.13 and -
0.11, respectively. Both are located at z = 6 mm, which corresponds to the 
upwash region.  
The centrifugal imbalance at the concave segment of the wavy surface as 
the fluid flows to the first peak amplifies the vortex structures, resulting in the 
acceleration of the w-velocity component. At the first peak, the strongest 
magnitude of -0.39 can be found at z = 5 mm.  
For z = 5 mm at the flat plate entrance before the first peak and at the 
normal location near the wall, the w values are mostly negative, implying the 
spanwise flow towards the –z axis. Compared to the velocity contour and flow 
visualizations presented in the previous chapters, this region refers to half-pair 
of the upwash region of the vortices. However as the counter-rotating 
streamwise vortices flows further downstream, it is found that the w-velocity 
values for Y < 6 mm become positive, while for Y > 6 mm the values are 
negative. This change of sign can be attributed to the development of the 
mushroom stem which ejects the fluid from the wavy surface farther up. 
Contour of the streamwise and spanwise velocity components at the first 
peak for Re = 3100 are presented in Fig. 5.25. In Fig. 5.25(a), a set of uniform 
w-velocity vectors is also shown with the sketch of the vortical motions of the 
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fluid which form the counter-rotating streamwise vortices. Similarly, a set of 
w-velocity vectors is superimposed to Fig. 5.25(b) with a variety of vector 
lengths according to its magnitude. The spanwise non-uniformity of the vortex 
is probably caused by the imperfections of the pre-set disturbances by means 
of the modified leading edge. Nevertheless, the results are still in a good 
agreement with the qualitative visualization results. The strongest w-velocity 
is located at the core of the vortices inside the mushroom hat. The velocity 
vectors in this figure could be used to explain the circular motion that creates 
the downwash and upwash regions of counter-rotating vortices as depicted in 
Fig. 2.1. From these contours it is also found that the acceleration of the fluid 
flow could be as high as 1.7 times the velocity measured at the leading edge of 
the channel. 
Contours of spanwise isoshear ∂w/∂y and and ∂w/∂z are presented in Fig. 
5.26. The regions of maxima and minima of ∂w/∂y coincide with the area of 
minimum streamwise velocity in Fig. 5.25 (a). Tandiono et al. (2008) 
identifies this region with code-name Region II which is the core of the 
mushroom-like structures where maximum turbulent intensity and maximum 
isoshear ∂u/∂z can be found, similar to Fig. 5.11(a) and Fig. 5.15. The 
nonuniformity between regions of positive and negative isoshear shows that 
the pair of counter-rotating streamwise vortices generated is not perfectly 
upright in the normal direction but slightly tilted to one side of the channel. 
Fig. 5.26(b) shows the isoshear ∂w/∂z which can be used to determine the 
spanwise location of the upwash region. Since the mushroom stem is the 
center of a vortex pair near the wall which eject the fluid in the normal 
direction, both extreme values of ∂w/∂z can be found in this region. The 
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maxima represents the fluid movement in positive y-direction, while the 
minima can be attributed to the center of the mushroom head, where the fluid 
returns back towards the wall. Each extreme values of ∂w/∂z is sandwiched 
between two strong ∂w/∂z with the opposite sign, which corresponds to the 
edge of the mushroom-like structures. 
Similar to the streamwise disturbance amplitude κu (Eq. 5.5), spanwise 
disturbance variations κw can be used to show the development of w-velocity 
component as the flow travels downstream. In this chapter, the parameter κw is 
defined as 
                                                κw=
w( -z' ) − w( z' )
2UC, LE
                                              (5.6) 
where 𝑧′ represents spanwise distance measured from the upwash of the 
mushroom-like structure. The plot for 𝑧′ = 2 mm is presented in Fig. 5.27. The 
presence of non-zero values shows the development of the vortex pair, which 
can be seen clearly at the first peak. 
For higher Reynolds number, it is found that the magnitude of w-velocity 
component is also slightly higher, as plotted in Fig. 5.28 –Fig. 5.30. It is 
measured that at the first peak and Re = 4700, the fluid was moving 1.81 times 
faster than at the leading edge. The plot of w-velocity at the first valley is also 
presented in Fig. 5.31.  
The contour of the spanwise velocity component for Re = 4700 is 
presented in Fig. 5.32. Compared to previous contours at lower Re, it is found 
that there are stronger spanwise fluid flow towards the positive z-direction 
near the wall, instead of negative w-velocity at Y > 6 mm. While there is 
almost no notable difference from the isoshear ∂w/∂y contour in Fig. 5.33(a), 
more prominent effects of Re can be seen from the w-velocity vector 
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distributions and the isoshear ∂w/∂z from the y-z plane at the first peak. 
Compared to the similar contour with lower Re, it is found that for Re = 4700, 
the distribution of spanwise velocity along the normal direction seems to be 
more uniform, which support the condition where the counter-rotating vortices 
are almost completely breakdown. The S-shape of the w-velocity in the normal 
direction at 3 mm < z < 6 mm is depicted clearly in Fig. 5.33(b), which is in a 
good agreement with analytical results of Taylor-Görtler vortices reported by 
Smith (1955), Bippes (1978), and experimental results by Tandiono et al. 
(2013). 
 
5.4 Concluding Remarks 
The development of pre-set counter-rotating streamwise vortices in a 
laminar boundary layer flow in a rectangular cross-section channel with one-
sided wavy surface has been quantitatively characterized by means of Particle 
Image Velocimetry (PIV) and Hot-Wire Anemometry. It has been 
experimentally shown that the pre-set disturbance from the sawtooth pattern 
cut on the leading edge would create a variation in boundary layer thickness in 
the spanwise direction, which corresponds to the upwash and downwash 
region. Such variation of boundary layer thickness is sensitive to the flow 
instability, which depends on the Reynolds number Re and the ratio of the 
amplitude of the wavy surface to the channel gap S. The presence of wavy 
surface in a channel prevents the pre-set vortices from breakdown earlier, 
which might improve the mixing due to the three-dimensional movements of 
the fluid induced by the appearance of such vortices. The quantitative results 
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are in a good agreement with the results from the smoke-wire flow 
visualization. 
As the flow becomes more unstable, the disappearance of the mushroom-
like structure prior to turbulence occurs earlier. The variation of the velocity 
profile at the upwash and downwash region is associated with the growth of 
disturbance amplitude, which could explain the downstream development and 
decay of the counter-rotating streamwise vortices. Under certain conditions, 
the splitting of the vortices prior to their breakdown can also be observed. 
The study of maximum disturbance amplitude shows that the saturation 
point of the growth of disturbance amplitude lies in the range 1600 < Re < 
3100 for two different amplitude of wavy surface a used. A fixed base length 
of the leading edge modifications might contribute to the value of maximum 
growth of disturbance amplitude 𝜅𝑢 ,𝑚𝑎𝑥 . Therefore, it can be suggested that 
the shapes and dimensions of the modified leading edge would affect the 
magnitude of pre-set vortices generated at a specific Reynolds number.  
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CHAPTER 6  
CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusions 
Development of counter-rotating streamwise vortices in a rectangular 
channel with wavy surface on one side has been studied qualitatively using 
smoke-wire flow visualization technique and quantified by means of Particle 
Image Velocimetry (PIV) and Hot-Wire Anemometry (HWA). The use of 15 
mm base length equilateral or isosceles triangle (sawtooth) cuts at the leading 
edge of the surface has successfully induced the formation of counter-rotating 
streamwise vortices with the spanwise wavelength almost equal to the base 
length of these triangle cuts. The pre-set vortices will travel downstream 
resulting in three-dimensional boundary layer in form of mushroom-like 
structures. 
The evolution of these vortices is confined within the boundary layer 
which resulted in a spanwise variation of the boundary layer thickness as 
indicated by the spanwise wavy pattern at the edge of the boundary layer. The 
effect of the wavy surface on the evolution of the counter-rotating streamwise 
vortices at different Reynolds numbers has been demonstrated. The results 
showed that the vortices will breakdown earlier at higher Reynolds number 
which could be due to the occurrence of more engulfment in the vortices that 
expedites a mixing process. 
There are various parameters that contribute to the pre-set counter-rotating 
streamwise vortices generated besides the modified leading edge and the flow 
Reynolds number, such as, the channel entrance configurations and amplitude 
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of the wavy surface. Three different channel entrance designs were considered 
in this study, code named Peak First (PF), From Origin (FO), and Valley First 
(VF). From the smoke wire flow visualization, it was shown that each of these 
three entrance configurations has unique visualizations of counter-rotating 
streamwise vortices generated. The vortices in the channel with VF 
configuration seems to last longer than the rest. 
The effect of wavy surface amplitude a on the streamwise vortices 
generated can be seen clearly from the comparison between a = 3.75 mm and 
7.5 mm. The structures in channel with smaller amplitude observed at the first 
peak have longer mushroom stems and very small mushroom hats. In contrast, 
the vortices in channel with a = 7.5 mm have larger mushroom hat. The 
mushroom stem in this channel is barely noticeable.  
From the velocity measurements, it was found that the vorticity level of 
the structures increases as the Reynolds number increased. The ratio of kinetic 
energy dissipation rate per unit mass was also evaluated as a parameter in 
terms of potential mixing augmentation. The characterization of the counter-
rotating vortices has been successfully conducted by means of Particle Image 
Velocimetry (PIV) and Hot-Wire Anemometry (HWA). In particular, both 
streamwise and spanwise velocity component have been recorded by using a 
single boundary layer hot-wire probe and a cross-wire probe. The results were 
presented in forms of iso-shear velocity derivation and turbulence intensity 
contour. The turbulence intensity, defined as the root mean square of the 
fluctuating velocity component, could reflect the structures of counter-rotating 
streamwise vortices and confirms the results from smoke-wire flow 
visualization. From both qualitative and quantitative studies, it has been shown 
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that pairs of counter-rotating vortices are centered along the spanwise 
directions of the saw tooth trough. For a constant Reynolds number at a fixed 
normal distance from the surface, the vorticity of the counter-rotating 
streamwise vortices decreases as they evolve downstream, while it increases 
as the Reynolds number increases. 
By evaluating the disturbance amplitude 𝜅𝑢 , it was found that the 
maximum magnitude, which can be related to the saturation point of the 
growth of vortex, lies at the range 1600 < Re < 3100. The maximum growth of 
disturbance amplitude might be influenced by the combination of the 
Reynolds number and the dimensions of the triangular cut pattern at the 
leading edge used to induce the counter-rotating streamwise vortices. The 
range of Re where the maximum disturbance amplitude was found may 
change when different shapes or sizes of the leading edge modifications are 
used. 
Spanwise velocity component of the induced counter-rotating streamwise 
vortices has been evaluated by means of cross-wire probe Hot-Wire 
Anemometry. Although the magnitude of this component is in a lower order 
than the streamwise velocity component, its presence has an important role in 
the evolution of the vortex structures. The spanwise velocity vector field 
shows the rotational motions of the fluid to form the upwash and downwash 
regions of the vortices.  
At the entrance flat plate of the VF channel prior to the wavy surface 
section, the maximum w-velocity measured for Re = 3100 is about 13% of the 
streamwise velocity at the leading edge UC. The effect of the wavy surface can 
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be seen by the increase of this magnitude to about 40% of the u-velocity at the 
first peak.  
 
6.2 Recommendations 
The present work was limited to one-sided wavy surface with fixed 
wavelength λ, since the global critical Re by Floryan (2007) could be 
expressed in terms of S only. However the study can be expanded for 
streamwise vortices with different wavelength. It is already known that 
sufficiently short wavelength would “lift-up” the stream resulting in a 
reduction of effective flow area (Mohammadi and Floryan, 2013), while in 
contrast, long wavelength might lessen the effects of centrifugal force over the 
wavy surface.  
An in-depth study by conducting quantitative experiments for parallel 
wavy channel is essential to be carried out in the future to obtain better 
understanding about the effect of wavy channel towards the flow. It is also 
suggested to observe the effect of phase difference between those two wavy 
surfaces in terms of pressure losses and the evolution of the streamwise 
vortices. In addition, variations of the internal flow can be widely applied, for 
example, by using a circular duct with wavy surface. 
Besides the transverse (streamwise) wavy surface, as used in this study, it 
is also interesting to see the effect of wavy surface with the longitudinal 
waviness. According to the stability analysis reported by Moradi and Floryan 
(2013), at certain conditions, the longitudinal waviness might lead to flow 
modulations relevant to drag reduction. This study can also be expanded into 
wavy surface with certain inclination angle relative to the streamwise flow 
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direction, for instance, 45
o 
from the x-direction (0
o
 represents transverse wavy 
surface used in this study, while 90
o
 angle means longitudinal waviness). Both 
single-wavy surface case and parallel waviness could be considered.  
In this study, the counter-rotating streamwise vortices were pre-set by 
means of triangle pattern cut at the leading edge with a constant base 
wavelength of 15 mm. This number was selected according to the most 
amplified Görtler vortices on a concave surface. Although based on the results 
from this study, it can be concluded that this number can be used to pre-set the 
vortices without any merging or splitting of the structures as reported by 
Mitsudharmadi et al. (2005b), further studies can be conducted to evaluate the 
effects of shapes and pre-set wavelength from the patterned leading edge on 
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Wassers in Röhren. Abh. Akad. Wiss., Math. Berlin, Germany. 
Hansen, K.L., Rostamzadeh, N., Kelso, R.M., and Dally, B.B. 2016. Evolution 
of the streamwise vortices generated between leading edge tubercles. J. 




Hasheminejad, S.M., Mitsudharmadi, H., and Winoto, S.H. 2014. Effect of flat 
plate leading edge pattern on structure of streamwise vortices generated in 
its boundary layer. Journal of Flow Control, Measurement & Visualization 
2(1): 18-23. 
Hinze, J.O. 1959. Turbulence. An Introduction to its mechanism and theory. 
McGraw-Hill, New York, USA. 
Hoffmann, P.H., Muck, K.C., and Bradshaw, P. 1985. The effect of concave 
surface curvature on turbulent boundary layers. J. Fluid Mech. 161: 371-
403.  
Hudson, J.D., Dykhno, L., and Hanratty, T.J. 1996. Turbulence production in 
flow over a wavy wall. Exp. Fluids 20: 257 – 265.  
Jacobi, A.M. and Shah, R.K. 1995. Heat transfer surface enhancement through 
the use of longitudinal vortices: a review of recent progress. Exp. Therm. 
Fluid Sci. 11: 295-309.  
Jirka, G.H. 1999. Environmental Fluid Mechanics: its role in solving problems 
of pollution in lakes, rivers, and coastal waters. Proceedings of CISM 30
th
 
Anniversary Conference. Springer-Verlag Wien GmbH. 
Jorgensen, F. E. 2002. How to measure turbulence with hot-wire anemometers 
– a practical guide. Denmark: DANTEC Dynamics. 
Jotkar, M.R., Swaminathan, G., Sahu, K.C., and Govindarajan, R. 2016. 
Global linear instability of flow through a converging-diverging channel. 
ASME J. Fluids Eng. 138: 031301. 
Kundu, P.K. and Cohen, I.M. 2008. Fluid Mechanics 4
th
 ed. Elsevier Inc.  
Li, F., Choudhari, M.M., Chang, C.-L., Wu, M., and Greene, P.T. 2010. 




layers. Proceeding of 48
th
 AIAA Aerospace Sciences Meeting including the 
new Horizons Forum and Aerospace Exposition. Orlando, USA. 
Liu, J.T.C. 2008. Nonlinear instability of developing streamwise vortices with 
applications to boundary layer heat transfer intensification through an 
extended Reynolds analogy. Phil. Trans. R. Soc. A 366: 2699-2716. 
Loh, S.A. and Blackburn, H.M. 2011. Stability of steady flow through an 
axially wavy pipe. Phys. Fluids 23: 111703. 
Mattson, O.J.E. 1995. Experiments on streamwise vortices in curved wall jet 
flow. Phys Fluids 7: 2978-2988. 
Merzkirch, W. 1974. Flow Visualization. Academic Press, Inc., London, UK. 
Mitsudharmadi, H., Winoto, S.H., and Shah, D.A. 2004. Development of 
boundary-layer flow in the presence of forced wavelength Görtler vortices. 
Phys. Fluids 16: 3983-3996. 
Mitsudharmadi, H., Winoto, S.H., and Shah, D.A. 2005a. Secondary 
instability in forced wavelength Görtler vortices. Phys. Fluids 17: 074104. 
Mitsudharmadi, H., Winoto, S.H., and Shah, D.A. 2005b. Splitting and 
merging of Görtler vortices. Phys. Fluids 17: 124102. 
Mitsudharmadi, H., Winoto, S.H., and Shah, D.A. 2006. Development of most 
amplified wavelength Görtler vortices. Phys. Fluids 18: 014101. 
Mitsudharmadi, H., Jamaludin, M.N.A., and Winoto, S.H. 2012. Streamwise 
vortices in channel flow with a corrugated surface. Proceeding of the 10th 
WSEAS International Conference on Fluid Mechanics & Aerodynamics 
(FMA’12). Istanbul, Turkey. 
Mohammadi, A. and Floryan, J.M. 2012. Mechanism of drag generation by 




Mohammadi, A. and Floryan, J.M. 2013. Pressure losses in grooved channels. 
J. Fluid Mech. 725: 23-54. 
Mohammed, K. A. 2015. Thermal nanofluids flow in corrugated facing step – 
a review. IJISET 2(1): 107 – 111. 
Moody, L.F. 1944. Friction factors for pipe flow. Trans. ASME 66(8): 671-
684. 
Moradi, H.V. and Floryan, J.M. 2013. Flows in annuli with longitudinal 
grooves. J. Fluid Mech. 716: 280-315. 
Muck, K.C., Hoffmann, P.H., and Bradshaw, P. 1985. The effect of convex 
surface curvature on turbulent boundary layers. J. Fluid Mech. 161: 347-
369. 
Nishimura, T., Ohori, Y., and Kawamura, Y. 1984. Flow characteristics in a 
channel with symmetric wavy wall for steady flow. J. Chem. Eng. Jpn. 17: 
466-471. 
Nishimura, T., Yoshino, T., and Kawamura, Y. 1987. Instability of flow in a 
sinusoidal wavy channel with narrow spacing. J. Chem. Eng. Jpn. 20(1): 
102-104. 
Nishimura, T., Yano, K., Yoshino, T., and Kawamura, Y. 1990. Occurrence 
and structure of Taylor-Görtler vortices induced in two-dimensional wavy 
channels for steady flow. J. Chem. Eng. Jpn. 23(6): 697-703. 
Oviedo-Tolentino, F., Romero-Mendez, R., Hernandez-Guerrero, A., and 
Giron-Palomares, B. 2008. Experimental study of fluid flow in the 
entrance of sinusoidal channel. Int. J. Heat Fluid Fl. 29: 1233-1239. 
Patel, V.C. and Head, M.R. 1968. Reversion of turbulent to laminar flow. J. 




Peerhossaini, H. and Bahri, F. 1998. On the spectral distribution of the modes 
in nonlinear Görtler instability. Exp. Therm. Fluid Sci. 16: 195-208. 
Rayleigh, L. 1920. On the dynamics of the revolving fluids. Scientific Papers 
6: 447-453. 
Saric, W.S. and Benmalek, A. 1991. Görtler vortices with periodic curvature. 
FED (Am. Soc. Mech. Eng.) 114: 37-42. 
Sato, M. and Kobayashi, T. 2012. A fundamental study of the flow past a 
circular cylinder using Abaqus/CFD. Proceedings of SIMULIA Community 
Conference. 
Schmid, P.J. and Henningson, D.S. 2001. Stability and transition in shear 
flows. Applied Mathematical Sciences 142. Springer, New York. 
Smith, A.M.O. 1955. On the growth of Taylor-Görtler vortices along highly 
concave walls. Q. Appl. Math. 13: 233-262. 
Stalio, E. And Piller, M. 2007. Direct numerical simulation of heat transfer in 
converging-diverging wavy channels. J. Heat Transf. 129: 769-777. 
Swearingen, J.D. and Blackwelder, R.F. 1987. The growth and breakdown of 
streamwise vortices in the presence of a wall. J. Fluid Mech. 182: 255-290. 
Tandiono, Winoto, S.H., and Shah, D.A. 2008. On the linear and nonlinear 
development of Görtler vortices. Phys. Fluids 20: 094103. 
Tandiono, T., Winoto, S.H., and Shah, D.A. 2013. Spanwise velocity 
component in nonlinear region of Görtler vortices. Phys. Fluids 25: 
104104. 
Taylor, G. 1923. Stability of viscous liquid contained between two rotating 




Thomas, S.C., Lykins, R.C., and Yerkes, K.L. 2001. Fully-developed laminar 
flow in sinusoidal grooves. J. Fluids Eng. 123: 656-661. 
Toe, R., Ajakh, A., and Peerhossaini, H. 2002. Heat transfer enhancement by 
Görtler instability. Int. J. Heat Fluid Fl. 23: 194-204. 
Valdés, J.R., Miana, M.J., Pelegay, J.L., Núñez, J.L., and Pütz, T. 2007. 
Numerical investigation of the influence of roughness on the laminar 
incompressible fluid flwo through annular microchannels. Int. J. Heat 
Mass Transf. 50: 1865-1878. 
Volino, R.J. and Simon, T.W. 1997. Measurement in a transitional boundary-
layer with Görtler vortices. J. Fluids Eng. 119: 562-568. 
Webb, R. L. 1983. Enhancement for extended surface geometries used in air 
cooled heat exchangers. Low Reynolds number flow heat exchangers. 
Advanced Study Institute Book (Kakac, S., Shah, R. K., and Bergles, A. 
E., eds.), Hemisphere Publishing Corporation. 
Williamson, C.H.K. 1996. Vortex dynamics in the cylinder wake. Ann. Rev. 
Fluid Mech. 28: 477 – 539. 
Winoto, S.H. and Crane, R.I. 1980. Vortex structure in laminar boundary 
layers on a concave wall. Int. J. Heat Fluid Fl. 2: 221-231. 
Winoto, S.H., Mitsudharmadi, H., and Shah, D.A. 2005. Visualizing Görtler 
vortices. J. Vis. 8: 315-322. 
Wortmann, F.X. 1969. Visualization of transition. J. Fluid Mech. 38: 473-483. 
Wu, J.M. and Tao, W.Q. 2012. Effect of longitudinal vortex generator on heat 




Zaman, K.B.M.Q., Bridges, J.E., and Huff, D.L. 2010. Evolution from „Tabs‟ 
to „Chevron Technology‟ – a review. Proceedings of the 13th Asian 












Fig. 2.1  Spanwise variation of streamwise velocity within a system of 
counter-rotating vortices showing the definition of “upwash” and 
“downwash” regions, similar to the Görtler vortices (Mitsudharmadi 









Fig. 3.1  Sketch of the wavy channel and the triangular cut pattern at its wavy 




Fig. 3.2  Three possible configurations of the flat entrance plate attached to a 
wavy surface, code named (left to right) From Origin (FO), Peak 























Fig. 3.3  Sketch of wind tunnel and (a) flow visualization, (b) PIV, and (c) 














Fig. 3.4  Photographs of wind tunnels and (a) flow visualization, (b) PIV, and 

























Fig. 4.1  Images taken from y-z plane at the first peak of wavy surface in 
spanwise direction, S = 0.15 and Re = 3350, shows the effect of 
modified leading edge; (a) natural counter-rotating streamwise 
vortices with various spanwise wavelength from the smooth leading 








Fig. 4.2  Evolution of vortices induced by a series of 5 perturbation wires of 
diameter 0.7 mm for Re = 1250, 1750, 2100, 2800, 3100, 3300, and 














Fig. 4.3  Comparison between top view flow visualization on (a) wavy 
channel and (b) parallel flat plate for Re = 4350 (Hasheminejad et 










Fig. 4.4  Top view of the flat entrance plate of corrugated channel, Re = 







Fig. 4.5  Superimposed images of spanwise visualization at the first peak for 
















Fig. 4.6  Typical cross-sections of vortices in spanwise direction, Valley First 
(VF) channel entrance configuration for S = 0.15, a = 7.5 mm, Re = 
3350, taken at various positions along the streamwise: (a) first peak, 


















Fig. 4.7  Typical cross-sections of vortices in spanwise direction for S = 0.15, 
a = 7.5 mm at first peak of Valley First (VF) channel entrance 
configuration for various Re, (a) 3850, (b) 4350, and (c) 5300, show 


















Fig. 4.8  Evolution of the vortices induced by a jagged leading edge at the 
first peak of corrugation with S = 0.094, a = 3.75 mm, VF-type 












Fig. 4.9  Counter-rotating streamwise vortices found at the first peak for Re = 
2100, S = 0.125, and a = 3.75 mm show the effect of base angle of 



















Fig. 4.10  Counter-rotating streamwise vortices found at the first peak for Re = 
2100 and S = 0.125, a = 3.75 mm show the effect of channel 
entrance configuration: (a) for Peak First, (b) From Origin, and (c) 













Fig. 4.11  Typical images of vortices in spanwise direction, From Origin (FO) 
channel entrance configuration for S = 0.125, a = 3.75 mm, Re = 
2100, taken at various positions along the streamwise: (a) 5 cm from 
leading edge, (b) first peak, and (c) first valley. To obtain the image 
at 5 cm from the leading edge, the camera is positioned not 






















Fig. 4.12  Typical image of vortices in spanwise direction for S = 0.125, a = 
3.75 mm at first peak of From Origin (FO) channel entrance 


















Fig. 4.13  Downstream development of counter-rotating vortices in the 
channel with the PF entrance design and Re = 2850, S = 0.094 at 
various streamwise location: (a) 10 mm, (b) 30 mm, and (c) 100 mm 













Fig. 4.14  Downstream development of counter-rotating vortices in the 
channel with the PF entrance design and Re = 2350, S = 0.094 at 
various streamwise location: (a) 10 mm, (b) 30 mm, and (c) 100 mm 











Fig. 4.15  Images of single vortex for various Re and S, plotted with the global 
instability line reported by Floryan (2007) as the reference for stable 
and unstable region. Δ refers to the image obtained from 
experiments using perturbation wires.  indicates present works 
using triangle leading edge to pre-set the spanwise wavelength of 
vortices, VF-type 40
o
 triangle (left) and FO-type 40
o
















Fig. 5.1  (a) Normalized velocity contour along the streamwise plane shows 
the separation after the first peak of corrugation at Re = 2350, (b) 
Velocity vector at the first valley, where the separation bubble can 

























Fig. 5.2  Vorticity contours for various Re values taken from planes at y = 2 
mm (x = 0 – 125 mm) and y = 9.5 mm (Y = 2 mm; x = 125 – 290 
mm), (a) Re = 2350, (b) Re = 2850, (c) Re = 3450. Dash lines 

































































Fig. 5.3  Vorticity contours for various Re values taken from planes at y = 4 
mm (x = 0 – 125 mm) and y = 11.5 mm (Y = 4 mm; x = 125 – 290 


































































Fig. 5.4  Vorticity contours for various Re values taken from planes at y = 7 
mm (x = 0 – 125 mm) and y = 14.5 mm (Y = 7 mm; x = 125 – 290 
































































(c)          (d) 
 
Fig. 5.5  Evolution of the absolute averaged wall-normal vorticity maximum 
along the streamwise direction, (a): at y = 2 mm for Re = 2350, Re = 
2850 and Re = 3450; (b): at y = 2 and 4 mm for Re = 2350 ; (c): at y 




 Re = 2350 
 Re = 2850 
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Fig. 5.6  Wall-normal vorticity profile plots at different streamwise locations 


















Fig. 5.7  Contours and plot of the ratio of the viscous dissipation rate of 
kinetic energy over the kinetic energy per unit of mass (a) at y = 4 
mm with the directions of stretching in white and (b) at z = 7.5 mm 
for Re = 2350 with the wall surface detected from the PIV being 
















(a)             (b) 
 
Fig. 5.8  (a) Normalized velocity u/UC at z = 5 mm shows the repeatability of 
the data obtained from different date of experiment, which indicates 
that the structures remain consistent for a flow condition studied. (b) 
Velocity profiles at the first peak, taken from 2 mm < z < 6 mm, Re 
= 3400 and S = 0.107. The spanwise location z = 2 mm represents 
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Fig. 5.9  Contours of normalized streamwise velocity u/UC at the first peak 
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Fig. 5.10  Contours of normalized streamwise velocity u/UC for S = 0.107 and 
Re = 3100 at various locations: (a) 40 mm from the leading edge, 
(b) 75 mm from the leading edge, (c)1
st
 peak, (d) 1
st
 valley, (e) 2
nd
 










     
(a) 
 
     
(b) 
 






Fig. 5.11 Contours of (left to right) turbulent intensity, normalized ∂u/∂y and 
∂u/∂z of a vortex pair (0.1 ≤ y ≤ 5 mm; 0 ≤ z ≤ 10 mm) for S = 0.107 
and Re = 3100 at various locations: (a) 1
st
 peak, (b) 1
st
 valley, (c) 2
nd
 
peak, and (d) 2
nd















Fig. 5.12  Behaviour of disturbance amplitude 𝜅𝑢   plotted in the normal 
direction of the flow (a) as a function of the Reynolds number for a 
fixed S = 0.107 at the first peak of the wavy surface, (b) at various 
streamwise locations for S = 0.107 and Re = 3100, and (c) plot of 
maximum disturbance amplitude 𝜅𝑢 ,𝑚𝑎𝑥  at various streamwise 
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Fig. 5.13 Spanwise distributions of u/UC from the Hot-Wire measurements at 
the first peak location for Re = 2700, a = 3.75 mm, and S = 0.107 
shows the difference between (a) Peak First (PF) entrance and (b) 
Valley First (VF) entrance configurations. The distance shown is a 




















Fig. 5.14  Contours of normalized streamwise velocity u/UC at the first peak 








Fig. 5.15 Contours of (left to right) turbulent intensity, normalized ∂u/∂y and 
∂u/∂z of a counter-rotating vortices (0.1 ≤ y ≤ 5 mm; 0 ≤ z ≤ 10 mm) 

















Fig. 5.16  Contours of normalized streamwise velocity u/UC at the first peak 
for a = 7.5 mm, H = 70 mm (corresponds to the same S = 0.107), 
and various Re: (a) 3100, (b) 4350, and (c) 4700. Notice that the 




















Fig. 5.17 Contours of turbulent intensity of counter-rotating vortices at the 
first peak for a = 7.5 mm, H = 70 mm and various Re: (a) 3100, (b) 

















Fig. 5.18  Contours of normalized ∂u/∂y of a counter-rotating vortices at the 
first peak for a = 7.5 mm, H = 70 mm and various Re: (a) 3100, (b) 















Fig. 5.19  Contours of normalized ∂u/∂z of a counter-rotating vortices at the 
first peak for a = 7.5 mm, H = 70 mm and various Re: (a) 3100, (b) 








Fig. 5.20  Plot of disturbance amplitude 𝜅𝑢  as a function of the Re for a fixed S 






















Fig. 5.21  Comparisons between the streamwise velocity profiles for Re = 
2700 at three different normal locations obtained from single-wire 
probe and cross-wire probe. The measurement station was at 70 mm 
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Fig. 5.22  Spanwise velocity component of counter-rotating vortices at 40 mm 
from the leading edge for Re = 3100 and various spanwise 
locations: (a) z = 2 mm, (b) z = 4 mm, (c) z = 6 mm, (d) z = 8 mm, 
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Fig. 5.23  Spanwise velocity component of counter-rotating vortices at 75 mm 
from the leading edge for Re = 3100 and various spanwise 
locations: (a) z = 2 mm, (b) z = 4 mm, (c) z = 6 mm, (d) z = 8 mm, 


































































(a)          (b) 
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Fig. 5.24 Spanwise velocity component of counter-rotating vortices at first 
peak for Re = 3100 and various spanwise locations: (a) z = 2 mm, 











































































Fig. 5.25  Contour of normalized (a) u-velocity component with w-velocity 
unit vector and (b) w-velocity component with its velocity vector at 
first peak for Re = 3100 and S = 0.107. The velocity components are 














Fig. 5.26  Contour of normalized (a) isoshear ∂w/∂y and (b) and ∂w/∂z on y-z 
plane with w-velocity vector at first peak for Re = 3100 and S = 
0.107. The isoshear values are normalized with respect to the 










Fig. 5.27  Plot of spanwise disturbance variations 𝜅𝑤  taken at z = 4 and 8 mm 
for three different streamwise locations for a fixed S = 0.107, a = 
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Fig. 5.28  Spanwise velocity component of counter-rotating vortices at 40 mm 
from the leading edge for Re = 4700 and various spanwise 
locations: (a) z = 2 mm, (b) z = 4 mm, (c) z = 6 mm, (d) z = 8 mm, 
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Fig. 5.29  Spanwise velocity component of counter-rotating vortices at 75 mm 
from the leading edge for Re = 4700 and various spanwise 
locations: (a) z = 2 mm, (b) z = 4 mm, (c) z = 6 mm, (d) z = 8 mm, 
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Fig. 5.30  Spanwise velocity component of counter-rotating vortices at first 
peak for Re = 4700 and various spanwise locations: (a) z = 2 mm, 
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Fig. 5.31  Spanwise velocity component of counter-rotating vortices at first 
valley for Re = 4700 and various spanwise locations: (a) z = 2 mm, 





































































Fig. 5.32  Contour of w-velocity component with its unit vector at first peak 
for Re = 4700 and S = 0.107. The data are normalized with respect 

















Fig. 5.33  Contour of normalized (a) isoshear ∂w/∂y and (b) and ∂w/∂z on y-z 
plane with w-velocity vector at first peak for Re = 4700 and S = 
0.107. The isoshear values are normalized with respect to the 
maximum value on that plane. 
 
